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tHKHmOUCALDSTELOr^CENT  OF  THE  tXDrCTfOir 
ODIL  AKD  T&JLXSFORMSR 

of  dBTBkfneitt  «rtke 
ve  fcid    thftt  ther   hn 
lev  that  JaiMOiwMiHi  in 

Wf  A   pcooMi  of  WOlttfelOtt    IB 
EoffiBS  an  nweeaamfy  npl*c«d  bj  mora 
»  completWy  dereloped  wiflimM     We  mr»  mbWbj 
wantiaj  of  rnirting  and  pt^OTirtrng  nwwtifio>rtoB>  to 
tk0  ideM  vUck  «l  tnmj  at«p  kava  inptUed  inTaslte 
and  alao  to  wnnit—  Um  protolypw  in  tkib  wiatJQa 
to  the  final  and   foUy  dereloped  idea.     Most  re*dem  vottld 
y— haUj  ^wM«i^  tliat  tlw  prato-tjpieal  fom  ol  all  modem 
t^j.1^;—  QoQg  mj  traaafomien  vaa  the  iroa  ring  vitk  wluoh 
Facadaj  made  the  initial  discorery  in  eleetitMDagnetio  tuduo* 
tUB,*  and  in  one  sense  Uua  is  ol  course  conect,  but  a  careful 
of  the  earij-  stages  of   the  development  of  the 
ooQ  as  we  now  poesem  it  aeeoM  to  show  that  it  is 
denended  tn  the  direct  line  not  from  F^umdajr'B  ring  so  much 
as  from  Henry's  flat  spirals,  and  that  it  is  these  latter  which 
H       are  the  chiefs  of  the  clan  and  true  auoestora  of  our  modem 
■        eoO. 

W  Henxy's  claim  to  be  an  independent  discoverer  of  the  fUuda- 

I  mental  fact  of  electro-magnetic  induction  is  not  now  disputed. 

I  In  the  July  number  of  Silhman's  American  J<mmai  of  ^cwwct 

^K        lor    1833,   Joseph    Heniy,   then    a    youns^    teacher    in    the 
^V        Albany  Academy,    gare  an  acccimt  of  the  manner  in  which 


*  Su"  The  Aitenute  Current  TnuMfortocr,"  Vol  L.  pw  8. 
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he  hod   idddplcndeDtly,  and  before   recGiving   an   account  of 

Faraday\fr,  work   performed   in  the  previous  autuaiu,  elicited 

fVom.Vjto*  i3wn  great  electro-magnet   an   induced   current   by 

wru|iptng    round    the    soft    iron    armature    certain    coils   of 

^  insuloiod  wire.*     In  the  same  Paper  in  which  he  thus  dia- 

'^ses  his  anticipated  diacovery  be  rendered  an  account  of  that 

/'•,ia'  which  he  hod  in  turn  anticipated  bis  illustrious  rival  by  the 

;^!'di8C0very  of  the  fact  of  the  stlfinduction  of  a  spiral  conduotor, 

•     and  denoted  the  iihunomeuon  by  the  name   by  which  it  has 

since  been  known.     Simply  confining  himself  to  the  bare  state- 

,*••;•,'  mcnt  of  the  new  fact  that  if  the  poles  of  a  small  battery  are 

joined  by  a  wire  a  foot  long  no  spark  will  bo  found  on  breaking 

tlio  circuit,  whereas  if  the  wire  bo  thirty  or  forty  feet  long, 

and  particularly  if  it  be  coiled  into  a  spiral,  it  gives  a  bright 

spark  when    so    employed,  Henry  noted    the  discovery  and 

correctly  attributed  the  phenomenon  to  the  induction  of  the 

circuit   upon   itself.       Finding,    however,    that   Faraday    was 

following  on  the  same  line  of  discovery  he  published  in  the 

Journal  of  Vu  Franklin  In$t\tutty  in  March,   1835  (Vol.  XV., 

pp.  169-170).  a  brief  epitome  of  the  facts  he  had  collected,  and 

made  mention,  for  the  first  time,  of  the  use  of  the  spirals  of 

flat  copper  tape  or  ribbon,  insulated  and  closely  wound  together, 

with  which  he  subsequently  conducted  his  brilliant   train  of 

discoveries  on  the  mutual  induction  of  circuits. 

A  few  months  later,  in  the  July  number  of  SilUman*$ 
American  Journal  of  Scifnte^  1835  (Vol.  XXVIII.,  pp.  329-331), 
be  followed  this  up  with  a  more  explicit  account  of  his  investi- 
gations on  the  action  of  a  spiral  conductor,  especially  a  flat 
tape  spiral,  in  increasing  the  spark  and  the  shock  from  a  single 
cell  of  a  galvanic  battery.  Using  a  very  large  single  cell  of 
very  low  internal  resistance  known  as  "Dr.  Hare's  Calorimotor," 
he  sent  the  current  &om  this  through  a  spiral  conductor 
formed  of  copper  ribbon  about  one  inch  wide  and  from 
sixty  to  one  hundred  feet  long,  well  covered  with  silk,  and 
the  several  spires  cloeely  wound  on  each  other.  One  end 
of  the  conductor  being  attached  to  one  pole  of  the  battery 


*  Sm  **  CuUect«d  Scion  tifir  Writings  al  ProfesBor  Joseph  Henry,** 
VoL  L.  p.  73  ;  »1».  SiUiwmU  AwurioMm  Journal  of  Seicnct,  July,  183^ 
Vol.  XXIL,  pp.  403-408;  alio,  Prot  E.  K.  Dickerson's  "Sketch  of  thm 
Life  of  Jowph  Honiy,'*  p.  18. 
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«nd  the  other  being  broagfat  in  contact  vith  or  rubbed  ftloog 
the  rongh  edge  of  a  plate  of  metzJ  attached  to  the  other  end, 
ha  obtained  ririd  sparks  at  the  place  of  contact.  MoreoTer, 
he  noted  that  if  copper  cylindera  two  inches  in  diameter  and 
aboat  five  inches  long  were  attached  as  handles  to  the  ends  of 
the  spiral  by  supplementary  wires,  and  if  these  cylinders  were 
grasped  by  moistened  hands,  a  series  of  sharp  shocks  was  expe- 
lieooed  when  tb^  end  of  the  spiral  conductor  was  as  before 
drawn  along  the  rough  edge  of  one  plate  of  the  calorimotor. 
This  preliminary  ioTestigation  on  the  production  of  a  spark 
and  a  shock  from  a  single  cell  of  a  battery  led  him  to  make  a 
thorough  iuTestigation  of  the  phenomenon,  in  which  he  moat 
folly  explored  the  whole  of  the  facts.  These  experiments  be 
reooonted  in  the  Transaetions  of  lAe  Am^ran  Pkilotcpkieai 
Society  for  February,  1835  (VoL  V.,  pp.  223-231);  and  in 
Smimtan'i  Ameriean  Journal  of  Sctemee  for  July,  1835,  covering 
in  these  pages  a  recital  of  the  independent  investigations  he  made 
in  going  over  the  same  ground  as  that  occupied  by  Faraday  in 
his  Ninth  series  of  "Electrical  Researches"  On  tJU  InflMtneu  6y 
Indieeticn  of  an  EUctric  CwrmU  o»  It^eff  which  was  sent  to 
the  Royal  Society  in  December,  1834,  and  read  in  January* 
1835.  Henry's  removal  &om  Albany  Academy  to  Princetown 
College  created  an  interruption  in  his  researches,  but  the  news 
of  them  travelled  to  England,  and  in  turn  created  a  further 
wave  of  discovery.  The  subject  was  taken  up  by  William 
Stnzgeon,  the  inventor  of  the  electro-ma^et.  Sturgeon  met 
one  day  a  Mr.  Peabuddy,  lately  from  the  United  States,  in  the 
Adelaide  Gallery  of    Pmctical  Science,*  and   this  gentleman 

*  Tlic  >Mi?lJttig^  whjdi  wia  formerly  the  Adelude  GftUoy  of  Practical 
JSaenee,  now  sormes  u  Gftttt'a  reBtauraat  in  the  Strwul  It  has  many 
intereBtiQg  electricil  remimioeoces  conDsetaJ  with  it.  lu  the  AdeUida 
Gallery  WheftUtooe  p«rfanDed  hb  pTtiinl  expenment«  on  the  "Telocity 
of  iClcctridty  "  in  1834  («w  "  Wheatctone's  Scientific  Fkpera,"  p.  90).  In  it 
aUo  FancUy  performed  the  experinMnta  on  the  Electricml  Fi>h  or  Oym- 
Dotui,  ud  eBtabliflhed  the  real  electrical  nature  of  its  aliock  in  1838  (use 
^  Electrical  Rawftrchea,"  Vol  11.,  p.  3). 

The  following  extract  from  Edwasd  WALroan's  "  Old  and  New  Loodon  ** 
majr  be  of  interest : — 

"  Adjoining  the  Lowther  Arcade,  with  its  entrance  in  Adelaide-stne^ 
U  the  Adelaide  Galloy,  ori^natly  intended  aa  a  place  of  amuMment  and 
instroctioD  oombined.  It  was  first  opened  in  the  year  1830^  and  named 
After  Queen  Adelaide,  Che  consort  of  William  lY.     lU  varied  fortitiiei^ 

b2 
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informed  tiim  of  Heury'a  experimenta  on  the  production  of  a 
shock  and  spark  from  a  single  pair  of  plates  in  a  galvanic  oelL 
Sturgeon  was  at  that  time  juKt  engaged  in  launching  a  new 
venture,  in  the  shape  of  his  AnnaU  of  EUctricityj  a  monthly 
journal  devoted  especially  to  electrical  science;  and  in  the 
first  volume  of  this  publication,  he  led  off  with  a  Paper  "  On 
the  Electric  Shock  from  a  Single  Pair  of  Plates,"  in  which  he 
gave  an  account  of  Henry's  work  and  of  his  own  repetition  of 
the  experimenta  {SturgeorCs  Annals,  Vol.  I.,  p.  67).  This  wa» 
published  in  October,  1836.  W.  Sturgeon  did  not  appear  at 
this  time  to  have  been  acquainted  with  Faraday's  Ninth  series 
of  Electrical  Researches ;  but  after  repeating  moat  of  Henry's 
experiments,  and  adding  some  of  his  own,  he  arrived  at  the 
conclusion  that  the  action  of  the  spiral  conductor  in  creating 
a  shock  was  due  to  the  collapse  of  the  mogDCtio  linos  of  force 


frotn  the  day  when  it  was  opened  ai  a  temple  of  Bcietice  down  to  its 
traufamiatinn  into  »  casiuo,  are  thus  cleverly  iiketched  by  the  late  Mr, 
Albert  Smith  in  hi.s  little  book  oa  '  Lond>in  Life  and  Character' : — 'Some 
time  back — <1atofl  arc  very  dry  thin^,  bo  wo  need  cot  cftre  abimt 
the  predsB  year — there  existed  in  the  neighbourhood  of  the  Lowtber 
Arcade  an  wstabUshment  called  the  Adelaide  Gallery.  It  waa  at 
ftrat  devoted  to  Lhe  lUlTuaion  of  knowledge.  Clever  profeasora  were  there, 
teaolung  elaborate  sciencee  in  lectures  of  twenty  minutes  each  ;  fearful 
engines  revolved  and  hissed  and  quivered,  aa  the  fettered  steam  that  formed 
their  oDtrailsgrumbleil  Bulleolyinit«  bondage  ;  mice  led  gaapiugsub-aqueous 
Uvea  in  diving  bella  ;  cUick-work  Htoamers  tidwd  round  and  round  a  buin 
perpetually  to  prove  the  efficacy  of  iariaiblo  poddle-wheeli; ;  and  on  all  ndes 
were  clever  machines  which  stray  viaitond  were  puzxled  to  class  cither  as 
coffee-mills,  water  wheels,  roasting  jacks,  or  ronmcal  instrumeotA.  Tliere  were 
artful  aoorea  laid  for  giving  galvanic  shocks  to  the  unwary,  steam  guns  that 
turned  buUeta  into  lead  sixpences  against  the  target ;  and  dork  microecoplc 
rooms  for  shaking  the  principlca  of  teetotallers,  by  showing  the  wriggling 
abominations  in  a  drop  of  the  water  which  they  were  supposed  daily  to  gulp 
down.  Then  come  a  transitioo  stage  in  the  existence  of  the  Adelaide  Gallery, 
at  fint  ateoltbily  brought  about.  The  oiy-hydrogeu  light  was  silly  applied 
to  the  comio  magic  lantern,  and  laughing  gas  was  made  instead  of  carbonic 
add.  By  decrees  music  stole  in,  then  wieards,  and  lastly  talented  vocal 
foreigners  from  Ethiopia  and  the  Pyrenees.  Science  was  driven  to  her 
wit's  end  for  a  liveliliood,  but  she  still  endeavoured  to  appear  respectable. 
.  .  .  And  at  lost  all  the  steam-engines  and  waterworks  'iren  cleared 
away,  and  the  Adelaide  Gallery  was  devoted  entirely  to  the  goddcsti  of  the 
"  twinkling  feet,"  and  called  a  caaino.  It  was  altered  into  the  Marionette 
Theatre  in  1852,  and  ia  now  one  of  the  refreshment  rooms  of  Meaara. 
Gata*" 


vlhctk  the  correDt  in  the  c<o3  «a«  iBtetrapited,  utd  th*t  this 
gmTe  fse  to  m  mnmnxtmrj  setf^ndBced  eamoX  in  the  ooU  teC  ia 
I  Aotioci  hj  m  gi water  deetrocnotive  iane  than  that  of  the  escit- 
[iaS  eelL  SabeegoaBtiy  be  becune  eoqnaLiirted  vith  Feade;^ 
vofk  OB  edf^adoctiao,  and  in  %  ciitacel  Piper  (StargeonlB 
Ammalt  qfMteOneitf,  Y6L  L,  p.  19^)  he  dieeoMS  Faradar's 
and  vHh  great  ildll  expenmeata  with  a  nmber  of  eotb 
nkl'mdMnt  iitm  eoreiy  with  the  eibiect  of  findiiig  eat  hov 
■tu^  of  the  **  Aotk  *  waa  dae  to  the  troa,  and  how  rnikeh  to 
the  wire  eoOiL  On  pa^  38S,  Vol  T^  of  the  AmmaU  there  is  a 
full  reprint  of  Heoiys  Paper  read  before  the  Amencan  Fhik>» 
i  jDfihical  Socsety  in  Febntaiy,  1S35. 

1 2.  Page's  Beaearehea. — ^The  next  important  Eact  seems  to 
^▼e  been  added  by  Prof.  C  G.  Page,  of  Wuhingtoo,  in 
Llhe  United  Statei^  who  pobftahed  an  account  In  SiiliwMtm*$ 
\A9tencaM  Jomrmal  of  Sdmet  for  October,  1836  (ToL  XXXI , 
pL  137),  of  hta  researthea  oo  the  edf-inductko  of  spuml  coo- 
dnctora.  Stoigeoo  abstnetcd  an  acooont  of  Page's  vork 
in  his  AmmaU  (VoL  L,  p.  290)^  and  made  it  available  lor 
readers.  Prot  C.  G.  Page  eonstnicied  ia  1835  a  sfaral 
eopper  strip  eool,  of  which  the  strip  was  one  inch  wide  and 
99011  Vm^  carefuOj  insulated,  and  having  tanninal  wires 
|aoldeted  at  interrals  of  55ft.  This  strip  was  rolled  op  into  a 
kt  spiral,  and  mesoaxy  eopa  attached  to  the  ax  tennin:U 


A  single  cell  of  a  Hare's  oalorimotor,  or  large  eoppervne 
Mil,  was  then  attached  to  an  adjacent  pair  of  temiinahi,  and 
[it  was  found  that  oo  breaking  the  battery  contact  sparha  and 
ooold  be  procured  by  tooohing  any  of  tbe  other  ter- 
in  pairs. 
Tbe  difference  between   Henry's  and  Page's  arrangemenu 
[Snay  be  indicated  by  a  diagram,  in  which  for  clearness  the 
strip  is  repreaented  sa  nnrolled. 
Let  S  S  (Fig.  1)  be  Henry's  copper  strip  coil  unrolled,  atid 
let  B  be  a  galvanic  cell,  and  H  H  the  handles  for  taking  the 
inductive  shock,  when  the  battery  circuit  is  broken  at  C.     In 
[enry's  experiments  the  arrangement  of  the  coil  was  such  that 
self-induction  of  the  whole  of  it  was  employed  in  pnAlucing 
abock  when  a  person  held  tbe  handles  H  H. 
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In  Pago's  nrmngeraont  tho  strip  with  its  ^  or  seven  contaotv 
k  rejirt'aantcHi  by  8  S  (Ktg.  2),  and  the  cell  or  battery  was 
appUod  to  tho  terminftla  1  and  2.  Page  found  that  severe 
ahocki  could  bo  obtained  by  taking  hold  of  metal  handles 
Attaohod  to  the  terminals  7  and  3,  or  6  and  5,  or  7  and  6, 
vhon  the  battery  circuit  was  broken  at  C.  By  making  the 
break  and  make  ol  contact  by  a  rapidly  revolving  spur  wheel  he 
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ment  in  auto-inJuction^  and  showed  that  different  parts  of  the 
same  conductor  might  act  as  primary  and  aeoondary  circuits  to 
each  other  if  in  contiguity. 


§3*  Callan's  Induction  Apparatus.— We  then  come  to  an 
important  contribution  by  the  llev,  N.  J.  CatUn,  of  May- 
nootU  College.  This  investigator  followed  up  with  g:reat 
interest  and  success  the  researches  of  Faraday,  Henry,  Page, 
and  W.  Sturgeon;  and  on  page  295  of  Sturgeon's  Annnh 
of  EUctrivity,  VoL  I.,  we  have  a  Paper  by  him,  written  in 
1836,  "On  the  best  method  of  making  an  electro-magnet 
for  electrical  purposes,  and  on  the  vast  superiority  of  the 
electric  power  of  the  electro-magnet  over  the  electric  power 
of  the  common  magneto-electric  machine." 

In  this  Paper  Cullan  describes  the  construction  of  an  electro- 
magnet with  two  teparaU  insulated  mra^  one  thick  and  the  other 
thin,  wound  on  the  iron  core  together.  He  first  coiled  on  a 
long  and  thick  horseshoe-ahaped  bar  of  iron  a  very  thick  copper 
wire  coveretl  with  silk  or  cotton,  and  securely  over  this  a  very 
long  thin  iron  wire,  also  insulated  with  cotton,  and  one  end, 
riz.,  the  inner  end,  of  the  iron  wire  was  joined  to  the  outer  end 
of  the  copper  circuit.  In  his  first  magnet  the  copper  wire 
consisted  of  a  wire  50ft.  long  and  oue-twelfth  of  an  inch  in 
diameter,  and  the  iron  wire  was  1,300ft.  long  and  one-fortieth 
of  an  inch  in  diameter. 

He  sent  a  current  from  a  battery  of  one  or  two  pairs  of 
plates  through  the  tliick  copper  wire,  and  attached  roetallio 
handles  to  the  ends  of  the  iron  wire  for  the  purpose  of  taking 
a  shock,  and  then  on  making  and  breaking  the  circuit  of  the 
battery  rapidly  he  got  severe  shocks  from  the  iron  wire  circuit. 
Here  we  have  the  first  description  that  exists  of  an  induotioa 
coil  with  a  short  thick  and  a  long  thin  wire  upon  it ;  but  the 
peculiarity  of  it  was  that  the  end  of  the  secondary  or  thin  wire 
was  joined  to  the  end  of  the  tliick  wire,  so  that  they  formed 
one  circuit  wound  all  in  the  same  direction  upon  tlio  magneto 
Callan's  experiment  was,  therefore,  an  extension  of  Page's,  aud 
this  last,  again,  was  an  improvement  on  Henry's  apparatus. 
C'allan  followed  up  this  Paper  by  another  dated  Juno  14,  183G, 
published  in  Sturgeon's  Annais^  VoL  L,  p.  376,  being  "A  de- 
scription of  the  most  powerful  electro-magnet  yet  constructed. " 
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He  had  forgod  an  iron  bar  3J  inches  in  diameter,  13  feet 
long,  and  bent  into  a  horseshoe.  It  weighed  15  stone.  Four 
hundred  and  ninety  feet  of  insulated  copper  wire,  one-sixth 
of  an  inch  in  diameter,  were  wound  on  it  in  one  layer,  and 
over  this  a  thin  insulated  copper  wire  10,000  feet  long  and  one- 
fortieth  of  an  iuch  in  diameter;  and  one  eud  of  the  thiu  wire 
was  soldered  to  one  end  of  the  thick  wire,  so  that  the  whole 
length  of  the  two  wires  formed  a  single  circuit,  wound  all  in 
the  same  direction  on  the  big  horseshoe.  The  current  from  20 
large  Callan  cells  (iron  cells),  or  from  a  Wolkston  battery  of  280 
pairs  of  plates,  was  passed  through  the  thick  copper  wire  circuit 
alone,  and  rapidly  interrupted  by  an  apparatus  Callan  called  a 
repeater  {see  Fig.  3).     Wires  were  soldered  to  the  extremities  of 
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Fig.  3. — Callan 'ftKlcctro-Magnetic  Repeater,  or  Vibrating  Contact  Breftlccr. 


the  fine  wire  circuit  to  receive  the  induced  current.  Provided 
with  this  formidable  apparatus,  the  inventor  proceeded  to  per- 
form striking  experiments  with  the  induced  currents.  "  When 
by  means  of  an  electro-magnetic  repeater  a  rapid  succession  of 
seoondfljy  currents  was  induced  in  the  fine  wire,  and  passed 
between  charcoal  points  attached  to  the  ends  of  the  secondary 
circuit,  they  were  slightly  ignited."  The  shock,  as  can  be 
imagined,  was  exceedingly  severe,  and  the  ardent  experimen- 
talist proceeded  to  pass  from  this  genuinal  experiment  in  the 
proiluction  of  on  are  light  by  means  of  a  tninsformer  to  an 
experiment  in  tUctrocution.  For  he  adds :  *'  Although  the 
igniting  power  of  the  electric  current  produced  in  the  long 
ooil  of  thin  wire  was  very  feeble,  its  intensity  was  exceedingly 
great.  When  it  (the  secondary  current)  was  passed  through 
the  body  of  a  large  fowl  instant  death  was  produced."     This 
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magnet,  or  cue  like  it,  waa  sent  by  Callan  to  Mr.  Sturgeon, 
and  by  him  exhibited  to  the  Loudon  Electrical  Society  at  a 
meeting  held  on  August  5,  1837,  and  members  and  visitow 
enjoyed  powerful  shocks  from  the  secondary  wire  of  this 
olectro-magnetic  apparatus. 

§4.  Sturgeon's  Coil — In  Sturgeon**  AnnaU  of  Electricity^ 
Vol.  I.,  p.  418,  there  is  a  mention  of  the  meeting  of  the 
London  Electrical  Society  held  on  August  5,  1837,  when 
Sturgeon  read  a  paper  on  **  Secondary  Electric  Currents," 
illustrated  by  a  powerful  double-wire  horseahoe  electro-magnet 
which  had  been  presented  to  him  by  Prof.  Callani  of  the 
K,C.  College,  Maynooth.     This  paper   or   lecture  stimulated 
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Fig.  4. — Sturgeon'i  TDduclion  Coil  with  Wooden  Core. 

ConUct  breaker  at  terminkl  I,  contUtlng  of  a  tUe  rubbed  by  the  wire  end. 
Fr«o  termizul,  proridiMl  wiUi  hjuidle  k. 

several  minds,  and  particularly  that  of  Sturgeon  himself. 
On  page  470  of  the  AnnaU^  Voh  L,  we  have  another 
Paper  by  him,  on  "An  Experimental  Investigation  of  the 
Influence  of  Electrical  Currents  on  Soft  Iron  as  regards  the 
thickness  of  metal  requisite  for  the  full  display  of  Magnetic 
Action,  iui<l  how  far  these  pieces  of  iron  are  available  for 
Practical  Purposes."  He  constructed  a  double-wire  helix 
on  Callau's  plan.  He  wound  on  a  wooden  bobbin  a  naked 
copper  wire  insulated  with  sealing-wax  varnish.  One  wire 
was  a  copper  bell  wire,  260  feet  long,  forming  the  inner  or 
lower  coil ;  and  the  upper  or  outer  coil  was  a  thinner  copper 
wire,  1,300  feet  long.  Tlie  end  of  the  fine  wire  was  soldered  to 
one  end  of  the  thick  wire,  so  that  it  made  one  continuous 
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oontluctor,  -wound  all  the  Bonie  way  on  the  bobbin.  Tho  reel,  or 
bobbin,  was  of  wood,  two  inches  long  between  the  cheeka.  (See 
Fig.  4.)  Strips  of  silk  were  interposed  between  the  layers  of 
wire.  Hence,  Sturgeon's  coil  was  a  short,  wide  coil,  wound  on  a 
hollow  wooden  core,  and  not  like  CaUan's  magnet,  whicli  was 
long  and  thin.  Sturgeon  applied  to  his  coils  a  break-and-make 
arrangement,  consisting  of  a  wire  diitping  in  a  mercury  cnp  in  one 
oase  and  of  a  notched  zinc  disc  in  the  other.  (5«  Figs.  5  and  6.> 
The  mercury  cup-break  was  worked  by  a  revolving  cam  and 
lever,  and  gave  about  3G  breaks  per  second  when  the  cam  was 
turned    round  by  a  wiuoh.     With  the  ziuo  diso  he  got  540 


Fig  5.  —Sturgeon's  Induction  Coil. 

Z  and  C,  irlivs  from  bntU'ry.  o  o.  ooll  A  A,  I>ib«  <>f  ooi),  W  \V,  drirtne  wtiM? 
for  conUct  lirualier.  a,  com  llfUiig  a  wire  alUubod  to  amt  6.  m,  a  inercuiy 
contact. 

breaks  per  second.  He  put  a  solid  iron  core  in  the  bobbin, 
and  he  was  delighted  to  find  that  he  got  powerful  shocks  from 
the  secondary  circuit  when  the  current  from  one  or  two  cells 
was  interrupted  in  the  primary.  He  then  made  a  very  curious 
observation.  He  found  that  with  the  solid  iron  core  tho  shock 
was  much  diminished  in  amount  when  the  revolving  contact- 
breaker  went  above  a  certain  speed.  After  some  trials  he  sub- 
stituted a  bundle  of  tine  iron  wires  for  the  solid  core,  and  he 
got  very  much  better  results.  He  draws  attention  to  the  fact 
that  (AnnaU,  Vol.  I.,  p.  481)  Prof.  G.  H.  Bachhofiuor   had 
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tried  a  divided  iron  core  about  a  fortuight  before  he  had 
with  one  of  Sturf^oon'a  own  coLla,  which  he  had  lent  him. 
B&chhof!ner  observed  that  a  bundle  of  fine  iron  wires  used  as 
a  core  in  Sturgeon's  coil  gave  far  better  shocks  than  when 
a  solid  iron  bar  was  employed.  We  must  therefore  credit 
Bochhoffncr  with  being  the  first  to  recognise  the  value  of  a 
divided  iron  core.  W.  Sturgeon  noted  that  a  rolled-up  sheet 
of  tinned  iron  put  in  aa  a  core  increased  the  ahuckiug  power 
in  an  cxtraordiuary  degree  beyond  that  obtained  when  a  solid 
core  waa  used,  and  that  with  a  bundle  of  fine  iion  wires  aa  a 


Fio.  6. — Sturgeon'*  Firet  Induction  CoiL 

A,  box  con'atntni;  coIK  II.  IndncUon  coll.  C,  bfttt«rr.  I).  liuo  dlM  oootaet 
bre*ker.  F,  trou  core.  U  H,  hnudlcs  on  Monrlnrv.  A  and  i,  wirei  from  batUry 
tooonUctcup*  I  atid  S.    A  and  6,  lennlnala.    Aaod  ;',  haudles. 

oore  the  shocks  were  still  more  increased.  Sturgeon  c1aime«l 
that  his  coil  was  an  advance  on  Callan's,  and  certainly  when 
we  regard  the  sketch  of  Sturgeon's  first  coil,  we  see  that  he 
gave  to  the  appliance  practically  the  general  form  which  it  has 
retained  ever  since.  Thia  coil  of  Sturgeon's  was  exhibited  to 
the  London  Electrical  Society  in  August,  1837. 


§  5.  Callan*s  Coils  with  Separate  Circuits. — We  come  next  to 
another  important  Paper  by  Callun,  dated  September  11,  1837, 
printed  in  Vol.  L,  p.  491,  of  Sturgeon's  AnnaU  of  Electricity, 
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*'  On  a  Method  of  Connecting  Eloctro-magnets  so  aa  to  Com- 
bine their  Electric  Powers,  and  on  the  Application  of  Electro- 
magnetism  to  the  Working  of  Machines." 

Callan  wound  on  each  of  two  iron  bars  a  couple  of  wires,  first 
a  copper  wire  ono-twclfth  of  an  inch  in  diameter  put  on  in  one 
layer,  and  second,  a  copper  wire  ono-ninoticth  of  an  inch  in 
diameter  and  IGOft  long,  wound  over  the  first.  Each  wire  woa 
carefully  insulated  both  from  itself  as  well  as  from  the  iron 
and  the  other  wire.  It  is  clear  from  the  description  which 
follows  that  in  making  these  two  induction  ooils  Callan  did  not 
joirt  the  end  of  the  secondary  wires  to  the  end  of  the  prima- 
ries, but  left  the  secondary  distinct  and  insulated  from  the 
primary.  He  then  joined  tJie  primaries  of  Oku  two  induction 
coils  in  paralld  on  a  large  galvanic  cell,  and  the  secondary 
coils  ho  Joined  in  scries,  and  he  obtained  from  the  secondaries 
in  series  a  shock  greatly  in  excess  of  that  which  he  obtained 
from  either  of  them  separately.  He  jKiints  out  that  the  secon- 
daries must  be  so  united  that  the  electromotive  forces  in  each 
are  added  and  not  opposed  to  each  other,  and  he  surmises  that 
if  a  hundred  such  induction  coils  could  be  arranged  with 
secondarioa  in  series  and  primaries  in  parallel  on  a  very  large 
quantity  battery,  it  would  be  posjsiblo  to  have  a  shock  eq^ual 
to  that  of  100,000  or  200,000  single  colls. 

On  page  493  (Annah^  Vol.  L)  he  says: — "In  making 
electro-magnets  which  are  to  be  connected  for  the  purpose 
of  obtaiuiug  increased  electric  intensity,  care  nuist  bo  taken 
not  to  tolder  the  thin  wire  to  the  thick  wire  of  the  magnet* 
but  to  leave  both  ends  of  tho  thin  wires  projecting." 

In  a  note  he  recommends  that  for  lecture  puqxwes  the  thick 
wire  coil  and  the  thin  wire  coil  should  bo  wound  on  separate 
bobbins,  the  thick  wire  bobbin  being  made  to  slide  inside  the 
thin  wire  bobbin ;  and  he  says  that  such  a  pair  of  separate 
coils  was  given  by  him  to  Mr.  Cottnra,  the  secretary  of  the 
Manchester  Mechanics'  Institute,  during  the  lecture  he  gave 
there.  Hence  it  is  to  Callan  that  we  owe  this  simple  piece  of 
apparatus,  now  found  in  every  physical  laboratory,  and  it  is  to 
him  that  we  ore  indebted  for  an  induction  coil  having  two 
separate  wires,  one  thick  and  the  otiier  thin,  used  as  an  induc- 
tion coil.  Furthermore,  he  says  that  about  four  months  before 
writing  this  Paper  bo  coiled  on  a  cylinder  of  wood  (hollow) 
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10  feei  «f  eoTcred  eof^ter  vire,  ooa-et^th  oi  an  iaeli  in 
.  and  oTor  tliB  300fL  of  wy  Uun-eoTeted  vira^  and 
«&  nan  bar  vas  pot  inio  the  boUov  of  Um  bobbin.  TTidi  SO 
pain  of  pbofls  {Ce^  etXk)  oa  tbe  priaazy,  b«  goi  avicn  ahoeka 
mr&a  witboot  tba  m»  oat%  and  vbon  tbe  eon  vaa  pot  in  b» 
goC  a  aboek  eren  on  makii^  tba  contact  wHb  tbe  battecj. 


S  G.  BachboAi«r*s  Diridad  0tg9.—A.  little  Utcr  in  tbe  fint 
TolaoM  of  Sturgmo's  AmmaU  of  JRUctfnn'fy  we  readk  a  Paper 
bj  a  Hi.  £.  IL  Oaxke,  on  an  inductfion  ooU  (me  fIg.T),  lor 
giving  abocka  vitb  a  single  pair  of  platea.  Ibere  ia  DOtbin^ 
man  in  tbis  tban  a  deocriptMo  of  a  CalUu's  or  StuigeonV 


Pig.  7.— CUrke'a  Izkdttctioo  CoO. 
■^  eon  ot  ooO.    I ,  drlTtnc  wIimI  ot  cootad  teMkor.    T^ 


eoD.  The  aecondary  wire  was  ono  ninetj-eeoond  of  an  inch 
in  diameter,  and  the  contact  breaker  waa  a  Barker's  wheel, 
or  copper  star,  reTolring  so  that  the  tips  of  its  spokee  just 
dipped  in  mercury  in  a  bottle  {see  Fig.  8). 

Some  time  preTioosly  Mr.  Barker  bad  invented  this  device 
for  interrupting  a  current.  Mr.  E.  M.  Clarke  was  a  phi]ooo 
phical  instrument  maker,  having  a  shop  in  the  Lowther  Arcado, 
and  his  memory  is  also  handed  down  to  us  as  an  improver  of 
Pixii's  mngueto-electric  machine.  Mr.  Sturgeon  comments  oc 
Clarke's  Paper,  and,  for  appropriating  without  sufficient  acknow- 
ledgment Mr.  Barker's  wheel  and  his  own  ooil,  he  gives  Mr. 
Clarke,  of  11,  Lowther  Arcade,  a  dignified  rebuke.  Various  im- 
provers having  been  given  the  clue,  took  up  the  manufacture  of 
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induction  coils.  On  page  205  of  the  Annah  of  EUcti'icity,  VoL  IL, 
a  Mr.  Nesbit  sends  a  deaaription  of  a  coil  (*«  Fig,  9) ;  it  had  a 
revolving  ratchet  wheel  as  a  contact  breaker,  a  primary  coil, 
conaisting  of  400ft.  of  thick  wire,  and  a  secondary  of  1,700ft.  of 
thin  wire,  and  as  a  core  a  bun<ile  of  very  fine  iron  wire.     This 


Fio.  6.— liarkw'a  lUvulviog  Contact  Droakor,  or  Mercury  Break. 
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Fio.  9.— Neabif  8  Induction  Coik 


description  is  dated  February  10, 1838.  This  coil  gave  very  severe 
shocks  when  the  primary  was  excited,  with  one  ccltof  half  a  square 
foot  of  active  surface.  Ncsbit  put  oil  on  his  break  to  reduce 
the  noise  and  check  the  spark.  Four  days  later,  on  February 
H|   l$3dj  Prof.  ti.  H.  Bachhoffncr  has  a  description  of  a  coil 
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made  for  him  this  magnetic  contact  breaker  greatly  BupoHor  to 
the  spur  wheel  of  Barker  or  the  notched  disc  of  Sturgeoiv 
both  of  which  required  to  bo  actuated  by  hand. 

Following  on  these  researches  of  Sturgeon  and  others,, 
numerous  investigators  introduced  successive  smaller  improve- 
ments into  the  construction  of  tnductiou  coils.  Uriah  Clarke, 
of  Leicester,  in  Juu0|  1838,  sent  to  Sturgeon  a  description  of 
an  induction  coil,  iu  which  the  bobbin  was  placed  vertically 
{sec  Figs.  10  and  11),  and  which  bas  smco  been  a  not  unusual 
arrangement  for  medical  coils.  In  Uriah  Clarke's  coli  a 
primary  wire  of  copper,  -jV'"-  '^^  diameter,  40  yards  long, 
was  employed^  and  a  secondary  coil  of  300  yards  of  very 
fine  copper  wire,  also  &  "  break "  consisting  of  a  brass. 
wheel,  having  on  its  circumference  wooden  pegs,  and  whiob 
made  and  broke  contact  with  a  spring  of  brass  resting  against 
it.  Sometimes  a  steel  wheel  with  a  milled  edge  was  employed.] 
for  the  same  purpose. 


§7.  Oallan'a  Further  Besearches. — In  the  Philosophical 
Magazine  for  Deucuiber,  IS3G,  Prof.  N.  J.  Callan  made  further 
mention  of  his  auto-induction  cuils,  giving  also  a  description 
of  au  improved  form  of  galvanic  battery.  He  wound,  on  an 
iron  bar  about  two  feet  long  and  an  inch  thick,  two  coils  of 
insulated  wire,  each  about  200ft.  long.  These  insulated 
wires  were  joined  together  in  series,  and  the  extremities  of  one 
wire  were  put  in  connection  with  a  battery  of  14  cells  ;  on 
taking  hold  of  the  ends  of  the  whole  length  of  400ft.  of  wire 
and  breaking  the  battery  circuit,  a  very  sharp  shock  was  folt. 
He  concluded  that  if  about  2,000ft.  of  wire  were  so  coiled 
on  a  bar,  and  the  first  200ft.  of  this  wire  connected  to  a 
battery,  a  still  greater  shock  would  be  received  if  the  ends  of 
the  whole  2,000ft.  were  touched,  and  the  battery  contact 
broken.  Twentynane  years  afterwards  he  returned  again  to  the 
subject  of  induction  apparatus,  aikd  in  a  long  Taper,  communi- 
cated to  the  British  Association  at  its  Dublin  meeting  in  1857, 
and  reprinted  in  the  rhUosopkical  Magazine  for  November^ 
1857,  Callan  described  many  oxpcrimcnte  ho  had  made  in  hia 
efTorts  to  improve  the  induction  coil  and  exalt  its  power.  Re- 
ferring first  to  the  induction  coil  made  at  Maynooth  College  in 
ld3G,  and  to  one  like  it  sent  to  Mr.  Sturgeon  in  the  summer  ol 
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wire  prinarv  wis  vooad  ;  oxer  tlus  copper  cncoit  ennther  iron 
ixcut  was  eoiled,  ukI  the  two  ma  wire  circuits  were 
np  IB  eeriw,  eo  that  the  copper  wire  priaary  acced  iu- 
doetivelj  on  both*  Hid  genented  indiieod  correota  in  eeeb  in 
the  aame  direetion*  Beeennt  are  given  in  tha  P&per  which 
led  the  writer  to  wwidfT  that  this  insulated  iron  wire 
woondaxj  memt  bad  edTantagae  otct  a  secoodazy  circuit  of 
copper  viie^  and  an  indqiendait  longitudinally  divided  iron 
oore,  as  intxodoced  by  B^liboffiier  Callan  explained  with 
great  cleameoB  that  the  principle  of  joining  together  the 
•Booodaty  cueoita  of  a  number  of  coils  in  parallel  is  the  right 
method  to  adopt  to  obtain  a  secondary  current  of  sufficient 
■bvngth  and  electromociTe  force  to  produce  an  arc  light,  and 
he  may,  therefore,  be  credited  with  the  knowledge  at  that  date 
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of  the  mode  of  adding  up  either  the  electromotive  forces  or  the 
currenta  in  the  socoudary  circuits  of  a  uumber  of  distinct  in- 
duction coils.  It  is  not  quite  equally  clear  whether  he  ever 
arraogod  his  coils  with  primary  circuits  in  parallel  also.  The 
same  Paper  also  contains  suggestions  as  to  mode  of  manufacture 
of  condensers  for  induction  coils,  and  certain  advantages  are 
claimed  for  coudensers  made  of  iron  plates  rather  than  of  tin- 


TlQ.  12.— Dr.  Callan*a  First  Induction  Coil  (1836\  with  thick  and 

thin  wire  CircuiU. 

Still  preserved  At.  Mayuootb  College. 


foil  sheeta.  Callan's  mode  of  insulating  the  wires  of  his  ooUa 
was  ingenious.  He  dragged  the  bare  iron  or  copper  wire 
through  a  hot  bath  of  melted  resin  and  beeswax,  and  this, 
when  set,  formed  a  highly  insulating  and  sufBciently  flexible 
varnish  on  the  wire,  which  appears  to  have  rendered  silk  or 
cotton  covering  unnecessary.  The  secondary  circuits  were 
wound  on  the  plan,  previously  suggested  by  Poggendorff,  of 
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facilding  Qp  the  secoudary  circuit  of  flat  or  rerticiU  coils,  lo 
thftt  DO  contiguous  parts  of  the  wire  were  at  great 
of  potential  when  the  coil  was  in  action. 
Prof.  Francis  Lennon  has  given*  the  following  *ietails  of  the 
TCBBaiiis  of  Prof.  CalUa's  apparatus,  which  are  still  prescrred  at 
Majaooth  College  aa  Talo&ble  relica.  The  large  electromagnet 
eooBtrocted  by  CSallan  in  1836,  consisting  of  a  horae-shoe  of 
irak,  about  I3ft  in  length,  and  weighing  2101b.,  b  still  in 
existence  («m  F^g.  12),  but  it  has  been  deprired  in  course  of 
time  of  one  of  its  circuits,  ao  that  it  now  remains  as  a  simple 
and  not  a  compound  electromagnet.  A  somewhat  smaller  hone- 
shoe  magnet,  constructed  by  him  on  the  same  principle,  with 
two  wire  coils,  one  thick  and  one  thin,  was  the  one  pre«ented 
to  Mr.  Sturgeon.  In  the  Pfavaical  Laboratory  at  MaynootU  also 
exists  one  of  Callan's  Electromagnetic  '*  Repeaters,"  which  was 
one  of  the  first  rapid  contact  breakers  ever  made. 

§  8.  Callan's  0reat  Induction  CoiL — The  most  v&laable  relic 
is,  however,  the  lar^e  iuductiou  coil,  which  may  be  regarded  as 
the  completion  of  Dr.  Callan's  labours.  Although  constructed  30 
years  ago,  it  is  still  one  of  the  largeat  coils  in  existence.  The 
fepreaentation  of  it  in  Kig.  13  is  from  a  photograph  recently 
made.  The  core  is  a  cylindrical  bundle  of  annealed  iron 
wires  42in.  in  length,  and  3*5in.  in  diameter.  The  thick- 
ness of  each  wire  is  y^in.  The  primary  ooil  is  a  copper  wire, 
*S5in.  in  diameter,  covered  with  cotton  thread,  and  wound  in 
three  layers.  For  insulation  the  primary  coil  is  covered  with 
several  layers  of  thin  sheet  gutta-percha,  cemented  by  a  paste, 
formed  by  dissolving  gutta-percha,  resin,  and  wax  iu  boiling  oil. 
The  secondary  ooil  is  of  iron  wire  *01in.  diameter,  and  consists 
of  three  separate  coils  or  rings.  The  inner  diameter  of  each  coil 
or  ring  is  5-75in.,  and  the  outer  diameter  ia  21  in.  Two  of  the 
rings  arc  3in.  in  thickness,  and  one  is  4in.  The  rings  are  so 
arranged  on  the  primary  coil  as  to  divide  its  entire  length  into 
four  equal  parts,  the  planes  of  the  rings  being  {>erpendicu1ar  to 
the  axis  of  the  coil.  In  each  ring  botb  ends  of  the  wire  are 
left  projecting,  so  that  the  separate  ooils  can  be  joined  in  series 
or  in  parallel.     The  contact  breaker  is  an  automatic  mercury 


See  Eitdrician,  U»xch  6, 1891.  Vol.  XXVL,  p.  554. 
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break,  worked  from  one  extremity  of  the  core.  Two  condensers, 
80  arranged  that  they  can  lio  used  together  or  separately,  serve 
to  reduce  the  spark  at  the  break.  With  six  cells  of  the 
Maynooth  or  cast  iron  battery,  sparks  16in.  long  in  air  can  bo 
still  obtained,  the  rings  or  secondary  coils  being  joined  in  series. 
Prof.  Gerald  Molloy  states*  that  the  construction  of  this  ooil 
was  commenced  by  Dr.  Callan  some  years  before  bis  death, 
which  occurred  in  January,  186 1,  and  that  it  was  then  left  iu 
an  unfinished  condition.  It  was  probably  his  intention  to  add 
more  secondary  coils  to  it.  It  remained  one  of  the  most  power- 
ful coils  down  to  the  time  of  the  construction  of  Mr.  Appa* 
large  coils  for  the  Polytechnic  and  for  Mr.  Spottiswoode.     A 


Flo.  13. — L>r.  Calliiit  -  l.:ii/j;e  I iiduotiou  C'uil  completed  in  1863. 
Sliii  preserved  at  Maynooth  College. 


long  Paper  by  Dr.  Callan  on  the  induction  apparatus,  describing- 
his  latest  researches,  is  printed  in  the  Vkilo&opkical  Magazine 
for  1857,  Vol.  XIV.,  4th  series,  p.  323.  This  Paper  is  full  of 
valuable  suggestions  and  facts. 

A  description  of  the  large  induction  coil,  and  expcrimontA 
with  it,  will  be  found  in  the  Phi/osophical  Magazint  for  June, 
1863  (Vol.  XXV.,  Series  5,  p.  413).  Dr.  Callan  says  that  abouti 
three  years  and  a^half  before  the  date  of  writiug  be  made  an 
induction  coil  of  considerable  power.  The  secondary  coil  waa 
of  iron  wire,  No.  34  gauge,  and  consisted  of  thi-ee  parts,  two 
of  which  were  each  about  two  and  a^half  inches,  and  the  third 


•  See  EUetriciant  February  13, 1891,  Vol.  XiVL,  p.  465. 
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three  inches  long.  The  entire  length  of  the  secondary  ooil 
was  about  eight  inchoa,  and  it  contained  150,000ft.  of 
secondary  wire.  He  used  thin  sheet  gutta-percha  in  insulating 
the  layers  of  wire.  The  primary  coil  was  nearly  three  feet 
long,  and  the  soft  iron  wire  core  three  feet  six  inches  long. 
This  long  primary  coil  was  probably  intended  to  be  overlaid 
with  more  secondary  wire,  and  as  left  at  Dr.  Callan's  death 
the  coil  was  incomplete.  With  three  cells  of  the  Alayuooth 
battery  this  coil  would  give  sparks  Idin.  in  length. 

Dr.  Callan  discovered  that  an  increase  in  length  in  the 
Bpark  is  produced  by  connecting  a  large  plate  of  any  metal  to 
the  negative  terminal  of  the  coil,  and  that,  in  order  to  get  the 
longest  spark,  the  outer  end  of  the  secondary  coil  should  be 
positive,  and  the  inner  end  the  negative.  He  states  (see 
Philomphical  Maffazinf^  June,  1863)  that  when  a  pointed 
wire  is  connected  with  the  positive  end  of  the  secondary  a 
plate  connected  with  the  negative  end  lengthens  the  spark 
considerably,  but  when  the  point  is  connected  to  the  negative 
end  and  the  plate  to  the  {>o8itive  one  the  sparks  are  much 
shorter.  Sparks  15in.  long,  when  the  first  arrangement  is 
mode,  are  reduced  to  llin.  with  the  second.  Sparks  did 
not  pass  at  all  between  positive  plate  and  negative  point  until 
the  plate  was  brought  within  eight  and  a-half  inches  from  the 
point. 

A  ball,  three  inches  in  diameter,  connected  to  the  positive 
terminal  shortens  the  6|)ark  as  much  as  a  12-in.  plate.  He 
noted  also  that  sparks  from  a  positive  point  to  a  negative  plate 
never  went  to  the  circumference  of  the  plate,  and  scarcely  ever 
Btnick  the  plate  at  a  greater  distance  from  the  centre  than  three 
inches.  But  sparks  between  a  negative  point  and  positive  plate 
always  went  to  the  circumference  until  the  plato  was  brought  to 
within  two  and  a-half  or  three  inches  of  the  point;  even 
when  a  rectangular  plate  20in.  by  28in.  was  used  as  the 
positive  terminal  the  sparks  flew  to  the  edge  of  the  plate. 


§  9.  0.  G.  Fage'B  Besearches  in  Electro-Magnetism. — Very 
nearly  at  the  same  time  that  Prof.  Callau,  of  Mayuooth,  was 
assiduously  engaged  in  England  in  experimental  inquiries  on 
the  induction  coil.  Dr.  C.  G.  Page,  at  Salem  and  at  Washington, 
In  the  United  States,  prosecuted  with  the  greatest  zeal  and 
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ingenuity  similar  researchea  on  the  other  fiide  of  the  Atlantio. 
Reference  has  ab'eady  been  made  to  his  experiments  with  the 
ribbon  coila  of  Henry,  and  which  are  described  in  Silliman'M 
American  Journal  of  Seiene/'f  Vol.  XXXI.,  for  1837,  in  a  Paper 
dated  Salem,  May  11th,  1836,  and  entitled  "Method  of  lu- 
croaaing  Shocks,  and  Experiments  with  Prof.  Henry's  Apparatus 
for  obtaining  Sparks  and  Shocks  from  the  Calorimeter."  In  a 
second  Paper,  dat«d  April  24,  1837,  Page  describes  the  con- 
struction of  a  large  auto-induction  ribbon  coil,  such  as  has 
already  been  described  in  §  2,  which  he  now  calls  a  "  Dynamic 
Multiplier."  This  last  coil  constated  of  a  single  ribbon  of 
copper,  320ft.  iu  Iei»gth  and  one  inch  in  width,  wound  into  & 
flat  spiral,  the  successive  turns  being  insulated  with  strips  of 
vamishod  cotton  cloth.  It  bad  ten  mercury  cupa  Boldcrod  to 
the  strip  at  various  distances.  With  this  apparatus  he 
repeated  all  hia  former  experiments  on  a  larger  scale.  At  this 
stage  Page  made  an  important  contribution  to  the  subject  by 
inventing  various  forms  of  self-acting  contact  breakers  to  inter- 
rupt the  primary  current.  One  of  the  first  of  these  (made  in 
1837)  was  a  copper  spur,  or  star  wliBel,  the  jxiints  of  which  just 
dipped  into  mercury  contained  in  a  little  gutter  or  excavation 
in  the  base  board  which  supported  the  wheel.  He  made  this 
self-acting  by  placing  a  horse-shoe  magnet  so  that  its  poles  lay 
on  opposite  sides  of  the  wheel,  as  in  the  experiment  known  as 
Barlow's  revolving  spur  wheel.  The  electro-maguotic  action  of 
the  radial  current  in  the  wheel  on  the  fixed  magnetic  field 
caused  rapid  rotation  of  the  copper  spur  wheel,  and,  hence, 
interruption  of  the  current,  as  the  tips  of  theatellate  projections 
of  the  wheel  passed  into  and  out  of  the  mercury.  He  found 
this  arrangement  to  answer  well  for  interrupting  a  current 
when  powerful  currents  were  used.  Such  an  arrangement,  how- 
ever, failed  with  feebler  currents,  and  he  accordingly  devised 
a  rocking  miignet  interrupter,  which  he  describes  in  this  same 
Paper,  published  in  1837,  and  which  was  afterwards  reproduced 
almost  identically  by  Oolding  Bird  as  his  own  invention  in 
1838  (see  Golding  Bird,  Phil.  Ma<f.,  Vol.  XII.,  1838).  Page's 
contact  breaker  and  Bird's  reproduction  of  it  consisted  of  a 
small  electro-magnet  (see  Fig.  14)  made  of  a  piece  of  soft  iron 
wire,  one-eighth  of  an  inch  in  diameter  and  three  inches  long, 
wound   over   in   opposite   ways  with   two  separate  insulated 
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of  the  ooO.  In  the  fcOowtng  jnr,  1S3S,  ftge  had 
and  BMira  perfeot  iadoatioa  oml^  oonaiatiBg  of 
itcoitab  a  thi^  wire  primafj,  and  a  tlun  wire 
V  and  he  deacribea  theae  ooilB  in  a  veiy  able  Pkper, 
in  Jime,  18S8,  in  StUiwiam**  Amertcwn  Journal  cf 
VoL  XXXIT.,  JoIt,  1&3S,  p.  364. 
He  calls  iron  cores  wound  oT«r  with  two  eeparate  circnita 
oocnpoand  eleetro-ay^ets,"  in  the  use  of  which  phnse  he  fol- 
^wed  ProC  Joeepb  Hemy.  These  compound  electro-ixui£QeC6» 
or  induction  coils,  were  made  with  cores,  connisHng  of  bondlea 
of  fine  soft  iron  wire,  or  strips  of  soft  hoop  iron,  ^le  ooraa 
were  either  straight  or  U-shaped.  Dr.  Page  evidentlj  arriTed 
bj  independent  inTOstigations  at  a  knowledge  of  the  adrantage 
obtained  bj  using  such  divided  iron  cores^  but  whether  before 
or  after  Bachhotiner  it  ia  impoasible  to  aajr.      Page  himself 
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atateB  that  Lo  used  them  before  February,  1838,  when  Baoh- 
hoffner  first  used  them  iu  England.  These  compouud  magnets 
were,  however,  induction  coils  of  the  form  employed  by  Callao, 
and  by  their  use  Page  obtained  visible  sparks  from  the  secon- 
dary circuits,  as  well  as  very  severe  sliocka,  and  produced 
secondary  sparks  by  the  help  even  of  a  primary  current  derived 
merely  from  one  or  two  thermo-electric  couples.  In  this  same 
Paper,  Page  describes  a  remarkably  interesting  and  ingenious 
induction  noil  which  he  called  a  "  magneto-electric  multiplier." 
He  arrived  by  experiment  at  the  conclusion  that  when  an 
armature  of  soft  iron  was  applied  to  one  of  his  U-shaped  com- 
pound magnets,  the  induction,  as  we  now  call  it,  through  the 


Fio.  1&.— Page'a  "  Magneto^Eloctric  Multiplier.' 


secondary  circuit  for  a  given  current  strength  in  the  primary, 
was  much  greater  than  when  the  armature  was  not  present.  Also 
that  the  deiwlarising  power  of  the  magnet  was  much  greater 
when  the  armature  was  removed,  so  as  to  break  the  magnetic 
circuit.  Hence  it  occurred  to  him  that  if  he  could  first  of  all 
make  his  iron  core  a  closed  magnetic  circuit  be/ore  starting  the 
primary  current,  and  then  break  the  primary  circuit  aud  open  the 
magnetic  circuit  by  detaching  the  armature  directly  afterwards, 
the  combiuatiou  of  these  two  actions  would  put  in  and  take  ont 
of  the  secondary  circuit  many  more  liues  of  force  in  the  same 
time,  aud  hence  produce  a  greater  electromotive  force  in  the 
secondary  circuit  than  if  the  primary  circuit  of  a  straight  coil 


IWDUCTlOy  COIL  A^D   TRANSFOmnCB. 


95 


^ 


» 


were  simply  opened  and  closed.  This  reasoning  shows  that  at 
this  date  Page  had  acquired  a  great  grasp  of  the  true  principles 
of  electro-magnetism.  The  appai-atus  with  which  he  put  his 
ideaa  to  the  test  is  shown  in  Fig.  15.  It  consisted  of  a  horse- 
shoe shaped  induction  coil,  or  a  U-shaped  compound  magnet, 
the  core  being  made  of  500  sofc  iron  wires,  12  inches  long,  and 
bent  into  the  shape  of  a  U-  The  primary  coil  consisted  of  Bve 
layers  of  No.  16  copper  wire,  and  the  secondary  of  seven  layers 
of  No.  26  copper  wire,  both  being  well  insulated.  This  horse- 
shoe magnet  was  &xed  on  a  wood  block,  so  that  its  [K>les  pro- 
jected hori:£on tally,  and  a  soft  iron  armature  fixed  to  a  spindle, 
80  adjusted  that  it  could  revolve  iu  front  of  the  poles.  This 
spindle  also  carried  a  cylindrical  wooden  piece,  having  braas 
fltrips  on  parts  of  its  circumference,  and  which  had  contacts 
made  against  it  by  a  couple  of  brass  springs.  This  was  the 
primary  current  contact-breaker.  By  shifting  the  angular  posi- 
tion of  this  cylinder  relatively  to  the  araiature,  it  was  possible 
to  break  the  primary  circuit  at  an  instant  corresponding  to  any 
'defined  position  of  the  soft  ii'on  armature.  It  was  normally  set 
80  as  to  break  the  circuit  of  the  primary  current  when  the  soft 
iron  armature  was  just  leaving  the  position  in  which  it  magne- 
tically completed  the  iron  circuit  of  the  magnet.  Hence  the 
primaiy  electric  circuit  and  the  magnetic  circuit  were  opened, 
one  immediately  after  the  other.  The  result  was  a  very  con- 
aiderfthly  greater  production  of  electromotive  force  in  the 
secondary  circuit.  Page  got  brilliant  sparks  from  the  ends  of 
the  secondary  circuit  of  this  coil,  and  unbearably  severe  shocks. 
He  was  also  able  to  get  a  small  arc  when  carbon  points  were 
used  as  terminals  for  the  secondary,  and  he  found  the  tension 
&t  the  ends  of  the  secondary  was  great  enough  to  enable  him 
to  charge  a  Loydcn  jar.  The  same  Paper  which  contaius  the 
description  of  this  "electromagnetic  multiplier"  also  contains 
•ome  very  clear  remarks  on  the  use  of  divided  iron  cores,  and 
on  the  magnetism  of  soft  iron.  Page  employed  sometimes 
cores  made  of  very  soft  hoop  iron,  wrapped  together,  in  making 
his  compound  magneta  or  induction  coils.  Ue  knew  very  well 
that  soft  iron  is  capable  of  retaining  a  considerable  amount  ot 
magnetism,  provided  it  is  not  shaken  or  twisted.  He  illustrates 
this  by  an  experiment  in  which  a  very  soft  iron  wire  was 
magnetised  by  being  drawn  once  across  the  poles  of  a  permanent 
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magnet.  It  contains  a  considerable  amount  of  magnetism  if 
handled  gently,  and  will  lift  up  another  piece  of  soft  iron  wire 
equal  to  itself  in  weight.  If,  however,  it  is  given  a  flip  with 
the  finger  and  thuDib,  it  immediately  loses  nearly  all  its 
magnetism.  Page  also  was  aware  of  the  depolarising  efl'ect 
which  a  number  of  magnetic  filaments,  such  as  magnetised  soft 
iron  wires,  exert  on  one  another  when  bound  into  a  bundle 
with  similar  poles  adjacent.  On  this  account,  he  says,  a  bundle 
of  fine  steel  wires  will  act  almost  as  well  as  a  bundle  of  fine 
soft  iron  wires  when  used  as  a  core  for  an  induction  coil.  Pa^e 
proceeded  still  more   to  improve  the  coil,  aud  in  SUUman's 


Fio.  16.— Page's  InductioD  Cuil  (1838). 


American  Journal  of  Scifnce^  Vol.  XXXV.,  1839,  he  communi- 
cates another  Paper,  dated  from  Washington,  Nov.  13,  1838,  in 
which  he  describes  a  largo  induction  coil  closely  resembling 
modem  models.  This  last  coil  hod  a  straight  core  consisting  at 
a  bundle  of  soft  iron  wires,  and  the  coil  wires  were  wound  on  a 
bobbin,  having  wooden  cheeks.  The  primary  wire  was  a  thick 
copper  wire,  and  the  secondary  a  very  fine  copper  wire.  This 
coil  was  provided  with  an  automatic  hammer  break  which  broke 
and  made  a  mercury  contact  {see  Fig.  16).  The  hammer  head 
was  a  ball  of  soft  iron,  which  was  operated  by  the  magnetism 
of  the  core.  The  hammer  head  was  prevented  from  sticking 
to  the  end  of  the  core  when  attached  by  the  interposition  of 
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m  taaH  piece  of  fanas.  TIm  tibntion»  of  Ifa8  Iwmw  vocked 
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no.  16a.— Abbot*!  iDdactioQ  OoQ  (1840). 


partieularijr  by  Foucaalc,  but  it  seems  fint  to  hare  been  vaed  hj 
Page,  in  183d.  In  this  memoir  Page  made  eome  very  excellent 
remarks  upon  the  action  of  "  doeed  circoitB  "  in  prerentiDg  or 
redncing  the  inductire  action  of  the  primary  current  upon  the 
•eoondary  circuit.  He  states  that  if  a  dosed  circnit^  soeh  as  a 
HMtallic  sheath  or  tube,  is  interposed  between  the  primary  or 
■cooodary  circuits,  it  more  or  less  annuls  the  inductive  action 
of  the  former  on  the  latter.  He  hence  notes  that  wrapping, 
what  be  calls  a  **  compound  magnet,"  i.^.,  an  induction  ooil  with 
two  separate  circuits,  in  a  metallic  sheath,  greatly  reduces  the 
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inductive  action  of  the  primary  on  the  secondary,  although  it 
does  not  prevent  the  action  of  the  primary  circuit  in  permanently 
magnetising  the  core.  The  same  action  he  points  out  proves 
prejudicial  if  bobbins,  made  of  metal,  or  having  metal  checks, 
are  used  upon  which  to  wind  the  circuits  of  the  coiL  Hence, 
bobbins  for  induction  coils  should  be  made  entirely  of  non- 
conducting material. 

We  also  find  that  iu  1840,  J,  H.  Abbot,  of  Boston,  U.S.A.,, 
constructed  a  large  induction  coil  (see  SillimatCs  Americat 
Journal  of  Science j  Vol.  XL.,  April,  1841,  p.  107),  which  was 
capable  of  charging  a  Leyden  jar,  and  which  gave  small 
secondary  sparks.  The  break  was  a  hand-worked  break  («« 
Fig.  16a).  The  secondary  terminala  wore  described  as  being 
luminous  in  the  dark  when  the  coil  was  in  action.  This  ooil 
was  modelled  on  Page's. 

It  is  evident  from  the  foregoing  that,  even  in  the  year  1838, 
C.  G.  Page  had  brought  the  induction  coil  to  a  high  degree  of 
perfection  by  his  researches  made  at  Salem  and  at  Washington, 
and  in  particular  had  shown  that  tbc  secondary  circuit  could 
exhibit  effects  of  "  tension  "  and  produce  electrostatic  change 
in  conductors  having  capacity  connected  with  them  when 
induction  coils  were  used  in  which  the  secondary  currents  con- 
sisted of  great  lengths  of  fine  wire.  He  had  obtained  sparks 
in  air  from  the  secondary  terminals  of  coils,  and  shown  the 
conditions  under  which  these  "electrostatic"  effects  could  be 
exalted.  We  must  also  credit  him  with  being  an  independent 
inventor  of  the  self-acting  hammer  electro-magnetic  contact 
breaker. 

Continuing  his  researches.  Page  made  many  coila  between 
1S38  and  1850,  having  highly  insulated  secondary  circuits  and 
vibrating  automatic  contact  breakers.  He  found,  as  above 
observed,  that  he  could  charge  Leyden  jars,  diverge  the  gold 
leaves  of  electroscopes,  and  produce  many  of  the  effects  hitherto 
only  obtained  with  electrostatic  machines  by  means  of  these 
induction  coils.  With  one  of  his  coils  he  found  he  could  obtain 
sparks  half  an  inch  long  in  air  from  the  secondary  terminals. 
Ho  noted,  also,  the  effect  of  rarefying  the  air  round  these 
terminals  on  the  length  of  disohtirge.  With  one  ooil,  which 
gave  a  secondary  spark  of  -^/^th.  of  an  inch  in  air,  he  obtained  a 
discharge  of  about  4}  inches  in  rarefied  air,  when  the  primary 
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circuit  was  actuated  by  one  single  Grove's  cell.  In  1850  Page 
constructed  a  very  large  coiJ,  of  which  the  primary  circuit  was 
a  wire  or  ribbon  of  copper,  one  quarter  of  an  inch  in  diameter. 
This  coil,  when  worked  by  100  Grove's  cells,  gave  sparks  from 
the  secondary  circuit  8  inches  in  length. 

One  striking  peculiarity  about  this  large  primary  coil 
attracted  Dr,  Page's  notice.  When  a  solid  iron  core  was  put 
into  this  great  helix  the  primary  current  took  a  very  sensible 
fraction  of  a  second  to  rise  to  its  full  value  j  from  -^ih  to  two 
seconds,  according  to  the  position  of  the  iron  core.  Page 
also  noted  a  phenomenon,  afterwards  recorded  by  Rhyke  in 
1855,  viz.,  that  when  the  primary  circuit  was  broken  just 
between  the  poles  of  a  powerful  magnet  the  break-spark  was 
extinguished  with  a  loud  explosion,  like  that  of  a  pistol  when 
fired.* 

§  10.  Wagner  and  Neef's  Automatic  Contact  Breaker. — 

Continental  writers  generally  attribute  the  invention  of  the 
automatic  vibrating  electro-mAgnetic  contact  breaker  to  J.  F. 
Wftgnerf  and  to  Neef.  J  Theac  inventors  improved  upon  Page's 
mercurial  break  by  constructing  the  vibrating  armature  with 
platinum  contacts  in  tlie  form  in  which  it  is  now  used  in  every 
trembling  electric  bell.  The  apparatus  is  too  well  known  to 
need  description.  A  form  of  Wagner's  hammer,  as  it  is  gene- 
rally called,  ia  shown  in  Fig.  17,  intended  as  an  interrupter 
to  the  primary  circuit  of  a  coil.  Du  Moncel,  however, 
states  that  MacGauIey,  of  Dublin,  independently  invented  the 
form  of  hammer  contact  aa  now  used.  From  this  date  onwards 
it  has  generally  been  the  custom  to  interrupt  the  primary 
olrouit  of  an  induction  coil,  if  small,  in  the  manner  introduced 
by  Page  in  1838,  viz.,  employing  the  intermittent  magnetisn^ 

*  The  (greater  part  of  Dr.  G.  O.  Page's  valuable  work  v»  recorded  in  bis 
own  Papers,  published  in  SiUiman'g  AmericcM  Journal  of  Scienee  between 
1834  and  1850.  He  published  in  1867  a  brochure  entitled  the  Hut4mj  of 
Indiutiont  which  U  alluded  to  fay  Du  Moncel  in  his  work  [Vol.  11.)  Expoti 
de$  Appli^alions  de  I'EleciHciW,  but  this  pauii>ldet  of  Pago's  is  not  to  be 
found  either  ta  the  Britisb  Museum  Library  or  la  the  KogUsh  Patent 
Office  Library. 

+  Sec  Pofjff.  Annaint^  Vol.  XLVL,  p.  107, 1839  ;  t  and  Po^g.  Annakn, 
Vol.  XLVL,  p.  104. 1839  ;  and  compare  Wud^mann:i  Cfalvanitmu*,  §§  696 
and  757. 
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of  the  soft  iron  core  of  the  coil  to  work  the  vibrating  hammer 
of  the  break,  using,  however,  the  platinum  contacts  of 
MacGauIey  or  Wagner  instead  of  Page's  mercurial  cup.  On 
the  other  hand,  when  the  coil  ia  large,  the  break  is  usually 
made  aa  a  se[>arate  piece  of  apf>aratua  with  independent  luagneti 
and  in  that  oa&e  it  is  often  found  best  to  revert  to  the  mercury 
cup  break  of  Page,  and  cover,  as  ho  did,  the  surface  of  the  mer- 
cury with  oil  or  alcohol  to  prevent  oxidation,  aa  was  done 
subsequently  by  Ruhmkorff  and  others.  As  is  usually  the 
case,  useful  improvements  are  invented  several  times  over  by 
inventors  who  are  not  familiar  with  what  has  already  been 
done.       We  find  in  Sturgeon's  AnnaU  of  EUctricitt/f  Vol.  V., 


Fio.  17.  -Wagner'B  Autoniatic  Contact  Breaker. 

p.  30,  a  description  of  a  coil  by  Thomas  Wright,  of  Knutaford, 
dated  1810,  in  which  he  gives  a  sketch  of  a  neat  form  of  vibrat- 
ing contact  breaker  (iee  Figs.  18  and  19),  which  is  practically  the 
same  aa  that  used  on  all  small  coils  at  present.  Wright 
followed  Neef  and  Wagner  in  suggesting  that  the  contact  points 
should  be  tipped  with  platinum.  He  succeeded  in  making 
some  "  electrotomes,"  as  they  were  called,  in  which  the  spring 
vibrated  so  fast  as  to  give  out  a  musical  note.  Wright  also 
gives  details  of  many  coils  made  by  him  about  this  time  to 
determine  the  best  dimensions  of  the  core  and  of  the  circuits.  It 
will  be  seen  tliat  by  the  year  ISiO  the  induction  coil  had  been 
practically  completed  in  all  essential  parts,  with  the  excep- 
tion of  the  condenser.     The  separate  primary  and  secondary 
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circuits  of  thick  and  thin  wire,  the  divided  iron  core  and  the 
Tibrating  contact  breaker  had  been  arrrived  at  and  perfected; 


< 
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Fro.  18. — Wright's  Cuil  &jid  Cuatftct  Breaker* 


Fio.  19.— Wright'i  Contact  Dre&ker. 

chiefly  by  the  investigationa  of  Callao,  C.  G.  Page,  Sturgeoiii 
Bftchbofifaer,  Wagner,  and  Neef. 
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§  11.  The  Researches  of  Masson  and  Bregnet. — Between 
1838  and  1842  the  French  physicists,  MM.  Masson  and 
Breguct,  prosecuted  researcbea  of  a  valuable  character  on  the 
induction  of  electric  currents.  In  the  Annalis  de  Chimie  tt 
de  Physique  (3rd  Series,  Vol.  IV..  1842,  page  129)  wUl  be 
fouod  a  long  memoir,  sumniiug  up  the  results  of  their  work, 
which  was  communicated  to  the  Academy  of  Sciences  on 
August  23rd,  1841. 

This  Paper  contains  an  aooount  of  very  careful  experiments 
on  the  production  of  electrostatic  effects  by  secondary  induced 
currents.  In  their  investigations,  Masson  and  Breguet  em- 
ployed a  toothed  wheel  interrupter,  or  rheotrope,  consisting 
of  a  brass  toothed  wheel  having  the  teeth  interspaces  Blled  up 
with  wood  or  ivory;  one  or  more  such  wheels  could  be  revolved 
on  the  same  axis,  and,  by  means  of  springs  pressing  against 
the  periphery  of  tlie  wheels,  the  primary  current  could  be 
broken,  and  the  secondary  circuit  closed  at  instants  corre- 
Bpondiug  to  the  closing  or  opening  of  the  primary  circuit. 

By  the  help  of  this  apparatus  they  could  separate  out  the 
two  induced  currents,  and  by  means  of  a  condenser  and  electro- 
soopo  they  examined  the  electrostatic  potential  at  various  points 
on  the  secondary  circuit.  Not  being  aware  of  the  previous 
researches  of  Page,  these  investigators  were  apparently  under 
the  impression  that  they  were  the  first  to  show  that  a  con- 
denser could  be  charged  from  the  ends  of  the  secondary  circuit. 
Transforming,  as  they  called  it,  induced  currents  into  static 
electricity,  they  produced  luminous  discharges  in  vacuo  by 
means  of  induced  currents,  and  showed  that  these  discharge 
had  all  the  characters  of  discharges  produced  by  electrical! 
machines  or  Leydcn  jars.  These  results  surprised  European 
physicists,  who,  as  Du  Moncel  observes,  were  apparently  not 
aware  that  similar  exi»orimeut8  had  already  been  conducted  in 
America.  Amongst  the  chief  results  of  this  investigation  waa 
the  experimental  confirmation  of  the  fact  that  the  two  secondary 
induced  currents,  the  one  produced  by  the  commencement  of 
the  primary  current,  and  the  other  produced  by  its  cessation, 
consisted  of  equal  quantities  of  electricity  set  flowing  in 
opposite  directions.  Also  the  other  important  fact  that  the 
maximum  value  of  the  electromotive  force  of  the  secondary 
current  at  break  of  the  primary  is  much  greater  than  the 
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induction  coils.  Some  modifications  of  arrangement  either  of 
the  coil  or  the  contact  breaker  were  introdaoed.  To  this  period, 
probably,  belong  tvo  such  Tsrictics  which  are  mentioned  and 
deaonbed  by  Xoad  {Jfanval  of  Elfctrxeity^  VoL  11.).  One 
of  these  is  represented  in  Fig.  30.  The  primary  coil  consisted 
of  aboat  35ft.  of  insulated  copper  wire  (Xo.  21),  and  the 
secondary  of  1,400ft.  of  silk-coTered  copper  wire  (Na  20). 
The  battery  contact  is  renewed  and  broken  by  the  rotation  of 
the  soft  iron  bar,  which,  mounted  between  two  brass  supporta, 
ia  situated  immediately  over  the  axis  of  the  coil,  in  which  is 
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placed  a  bundle  of  irou  ■wires.  The  current  from  the  battery 
posses  through  the  support  and  the  axis  carrying  the  iron  bar ; 
and  the  contact  is  interrupted  by  the  small  steel  point,  dijiping 
as  the  bar  revolves  into  and  out  of  the  mercury  contained  in  the 
brass  cup  mounted  on  the  brass  pillar,  through  which  the 
circuit  is  complete.  This  apparatus  formed  a  self-acting  shock- 
ing coil,  but  could  produce  no  sparks  from  the  secondary. 
Noad  describes  also  an  interesting  form  of  coil  which  bears 


21. — Honlcy's  Induction  CoQ. 


some  relation  to  Page's  electro-magnetic  multiplier,  and  which, 
Noad  says,  was  given  to  him  by  Mr.  W.  T.  Henley.  It  is  repre- 
sented in  Fig.  21 .  A  series  of  U-shaped  bars  of  soft  iron  bolted 
down  to  a  base  board  was  wound  with  four  coils  of  No.  14 
covered  copper  wire,  to  withiu  an  inch  of  either  extremity. 
Over  this  was  wound  1,000  yards  of  No.  34  silk-covered 
wire  in  one  continuous  length.  A  revolving  iron  armature 
rotates  on  a  vertical   spindle,  so  that  in  paasing  over  the 
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magnetic  poles  it  nearly  completes  the  magnetic  circuit.  The 
coataot  breaker  cousiats  of  a  bent  lever,  one  end  of  which  dips 
in  a  mercury  cup  and  ia  bo  pivoted  tliat  the  motion  of  the 
other  end  against  the  undulating  surface  of  a  cam-wheel 
attached  to  the  spindle  serves  to  dip  the  first-named  end  in  and 
out  of  the  mercury.  The  break  of  the  primary  circuit  is  so 
adjusted  as  to  take  place  just  after  the  soft  iron  armature  h&a 
completed  the  magnetic  circuit.  Actuated  with  a  battery  of 
10  cells  this  coil  gave  sparks  one-eighth  of  an  inch  long  in  air, 
and  remarkable  for  their  quantity.  It  is  easily  seen  that  the 
appliance  is,  at  the  same  time,  an  induction  coil  and  also  an 
electro-magnetic  motor,  and  that  a  suitable  arrangement  of 
the  time  of  making  and  breaking  the  primary  circuit  will  cause 
the  soft  iron  armature  to  bo  kept  continuously  in  motion.  It 
vas  noted  as  a  curious  fact  that  when  the  ends  of  the  secondary 
circuit  were  metallically  joined  the  spark  at  the  primary  break 
was  much  reduced.  This  is  obviously  due  to  the  fact  that  the 
closing  of  the  secondary  circuit  reduces  the  self-induction  of 
the  primary  coil.  These  pieces  of  apparatus  formed  no  real 
advance  on  what  had  been  done  before. 


§  13.  Euhmkorff's  Induction  Coils.— In  1851,  M.  RuhmkorflF, 
a  skilful  mechanician  in  Paris,  profiting  by  the  experiments  of 
Masson  and  Breguet,  and  probably  not  aware  of  the  researches 
of  Callan  and  Page,  addressed  himself  to  the  problem  of  in- 
creasing the  spark -producing  power  of  the  induction  coil,  with 
the  object  of  exalting  the  electrostatic  effects  which  Mosson 
and  Breguet  had  produced.  He  paid  the  greatest  attention  to 
the  insulation  of  the  secondary  coil,  insulating  the  covered 
wire  by  passing  it  through  melted  shellac,  and  separating 
each  layer  of  wire  from  the  next  by  means  of  varnished  silk 
or  shellaced  paper.  He  greatly  lengthened  the  secondary  cir- 
cuit, employing  in  some  coils  five  or  six  miles  of  secondary 
and  be  insulated  with  care  the  primary  from  the 
secondary  circuit  by  employing  a  glass  tube  on  which  to  wind 
the  secondary  circuit,  and  glass  checks  to  preserve  the  wire 
in  place  at  the  ends.  Ho  also  supported  the  ends  of  the 
secondary  wire  on  glass  pillars.  He  provided,  also,  a  simple 
form  of  current-revcrser  to  change  the  direction  of  the 
primary   circuit,   and    greatly   improved    the    action  of    the 
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vibrating  hammer  intorrupter.  The  greatest  Bervice  wi 
however,  rendered  by  Fizcau  by  hia  application  of  the  condenser' 
{Compteg  Hejidm,  1863,  Vol.  XXXVL,  p.  418),  and  Ruhmkorff 
carefully  studied  the  appropriate  dimensions  of  the  condenaer. 
This  condenser  ho  made  at  first  of  a  sheet  of  oiled  silk,  covered 
on  both  sides  with  tinfoil ;  later  he  employed  sheets  of  well- 
selected  paper,  carefully  varnished,  and  coated  with  tinfoil  on 
each  side.  This  condenser  was  placed  in  the  base  of  the 
induction  coil,  and  the  two  terminals  of  the  condenser  con- 
nected to  the  two  opposite  sidea  of  the  "break"  pointa.  The 
condenser  was  made  by  varnishing  cloae-graincd  but  thin 
paper  with  shellac  vamiah.  Each  aheeb  was  then  examined 
for  defects.  A  number  of  sheets  of  tinfoil  were  cut,  each 
somewhat  less  in  size  than  the  sheets  of  varnished  paper. 
A  pile  was  made  by  building  up  alternate  sheets  of  paper 
and  tinfoil,  placing  each  alternate  sheet  of  tinfoil  so  aa 
protrude  from  the  paper  pile  on  opposite  sides.  The  pile 
was  then  compressed,  and  all  the  tinfoil  sheets  on  one  side 
connected  together,  and  also  those  on  the  other.  Hence  the 
arruugemeut  formed  a  compact  kind  of  Leyden  jar,  of  which 
one  set  of  tinfoil  ahceta  formed  tlio  "ouUide^and  the  other 
set  the  inside  siu^acos,  the  varnished  paper  being  the  dielectric.** 
In  the  larger  sized  coils  Ruhmkortf  foimd  it  convenient  t<v 
revert  to  the  mercury-break  of  Page,  and  this  wfis  modified 
and  re-invented  by  Foucault,  who  again  suggested  the  advan- 
tages of  making  a  break  by  withdrawing  a  steel  or  platinum 


*  The  thoory  of  the  action  of  the  coDdeosor  hma  been  discuned  in 
Vol  L  AUtrwiie  OwretU  TVaiu/omwr,  $  7,  Chftp.  Y.  Wlien  the  conUct 
breaker  ia  provided  with  aoondeoser  whon  oppoBito  tturfaees  are  connected 
to  the  two  aides  of  tho  break  poiota,  there  arc  two  dutlnct  kinds  of  sparka 
obflorrable  nt  the  break.  There  is  first  the  Rf*ark  at  "  break,"  duo  to 
the  Bftlf -induction  of  the  primary  circuit,  and  there  ia  tho  simrk  at  "  m^e," 
due  to  the  ili^chftr^  of  the  oondenscr.  liijke  made  the  obacrrAtion  that 
tJie  condcnucr  is  more  elTeotiTe  in  leugtlieuing  the  eecoudtry  ciiark  of  the 
coil  when  the  break  pointe,  or  point*  of  contact,  are  of  gold,  copper,  or 
silTer,  than  Lf  they  are  of  platinum.  The  discharge  spark  of  the  coodeoMr, 
when  a  too  small  oondonMr  Is  employed,  ia  very  bright  and  hot,  and  aoine. 
times  welds  together  the  platinum  contact  [tointi.  Tho  remoly  for  this 
acddent  when  it  occurs  ts  to  employ  a  condcuwr  of  larger  capacity.  Callan 
iPKH,  Maff.  [a]  Vol.  XTV.,  p.  357.  1857)  suggrnted  tho  employment  of  amal. 
gamated  copper  contacts  for  tho  break,  wurkiug  in  or  eme&red  with  oil  to 
prevent  osidalioD  and  increase  the  auddennosM  of  the  break. 


OOZL  JtSt>  T3A5SP0i 


S7 


|KNDt  from  A  mercmj  snrfice,  eorered  with  aloohol  er  oO. 
Aided  tliai  hj  Fiieaji  and  FoqckoH,  Rnhmkorff  prodao«d  in- 
eoib  wlikh  embM  him  to  obtam  woooduy  wpaiAM 
cenUiMfUeft  ia  length.  It  vas,  hoverer,  fbond  thaS 
tbe  tcodcDCj  to  tntenul  ^larkii^  and  to  rapture  ol  the  In- 
MiUtioo  of  the  seooodAiy  dicait,  became  rcrj  great  vbec  the 
ooib  were  cnlaiged  beyood  a  uodento  ciae.  In  hu  later  ooO^ 
after  1855,  Rnhmkorff  adopted  a  mode  of  constroctioD  which 
waa  aoggeated  by  Poggecidarff,  Stohrer,  and  TAbbe  de  U  Border 
about  ISoA^  viL,  to  wind  the  ooil  su  aectioDs  ao  that  no  two 
portioaa  of  the  wire  which  ave  doeelj  adjacent  are  at  Tory 
^flennt  pot4mti«la  When  a  ocnl  U  built  up  by  winding  layer 
ov^  layer  m  Ihm  ordinaiy  inanner,  the  ends  of  the  la jers  of  wii^ 
aod  particularly  the  similar  ends  of  the  firet  and  last  layera, 
are  at  very  different  potentials,  and  there  is  a  great  tendency 
for  the  discbarge  to  paaa  bctaeen  these  pointa.  In  fact  the 
^Mrking  distance  of  the  coil  is  limited  by  the  disUnce  of  these 
portions  of  the  wire.  Under  these  conditions  internal  spaxka 
were  found  to  paaa  and  to  bre^  down  the  insulation  of  the 
.secondary  circuit  The  suggestion  to  wind  the  wire  in  separata 
partationa  originally  came  from  the  English  electriciansi 
£dward  and  Ch&rlea  Bright,  who,  in  a  patent  taken  out  in 
1^52,'*  describe  a  method  of  thus  winding  electro-magnets,  and 
in  their  fourteenth  clause  say,  "The  manner  in  vhich  our 
fourteenth  improrement  may  be  carried  into  effect  ia  as  follows: 
— It  is  well  known  that  the  ordinal^  mode  of  winding  the  wire 
on  coils  is  to  wind  it  backwards  and  forwards  upon  the  core. 
Oar  improved  plan  is  to  divide  the  core  lengthways  iuto  com- 
partments, by  means  of  separating  pieces  fastened  to  the  body 
of  the  coil,  before  winding  and  dividing  the  coil  into  compart- 
ments. In  winding  the  wire,  one  end  compartment  is  filled, 
and  then  the  next,  and  so  on."  In  adopting  this  method  of 
winding,  the  flat  coils  of  wire  can  be  wound  independently, 
and  are  then  so  joined  up  that  the  ontaide  end  of  the  wire  on 
one  coil  is  joined  to  the  outside  end  of  the  wire  of  the  next 
oompartment,  and  yet  the  winding  follows  the  same  direction 
in  each  bobbin  or  separate  flat  coil.  Hence  no  two  portions 
of  the  wire  at  very  different  potentials  are  very  close  to  each 
other,  or,  if  they  are,  they  are  well  insulated. 

*  Britiah  Specification,  No.  14,331,  of  1852. 
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One  of  RiihmkorCF's  largest  coila  made  about  1867  was 
53  centimetres  in  length,  and  the  secondary  circuit  waa  divided 
into  80  flat  coils  or  partitions,  each  compartment  being 
occupied  with  6vo  or  six  spirals — that  is,  being  of  a  width 
equal  to  five  or  six  times  the  diameter  of  the  covered  wire. 
The  secondary  circuit  consisted  of  copper  wire  one-tenth  of  a 
millimetre  in  diameter,  and  100,000  metres,  or  6:2  miles,  in 
length.  The  difterent  compartments  of  the  secondary  circuit 
were  insulated  from  one  another  with  shellaced  paper  or  vaiv 


Fi3.  22.  -RuhmkorlTii  Mercurial  Break. 


nished  silk,  and  the  diflerent  layers  of  wire  in  each  compart- 
ment also  insulated  with  shellac.  The  secondary  circuit  waa 
wound  upon  a  tube  of  glass  as  a  support.  The  condenser 
employed  with  this  coil  was  formed  of  100  shcota  of  tin  of  a 
length  of  50  centimetres  and  a  breadth  of  25  centimetres, 
insulated  with  paper  covered  with  shellac,  and  formed  a  cou- 
denser  having  a  total  surfaco  of  about  12  square  metres.  The 
primary  wire  in  this  coil  had  a  thickness  of  about  throe 
milUmetrea.     This  coil  could  give  sparks  40   centimetres   in 
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length  between  the  ends  of  the  secondary  circuit.  The  ooQ 
was  ustially  worked  by  the  current  from  six  largo  Biinsen  cells. 
For  such  large  coils  Kubmkorff  and  Foacault  found  the 
hammer-break  with  platinum  contacts  quite  unsuitable,  since 
the  contact  points  are  rapidly  burnt  away  by  the  apark  at 
"break,"  due  to  the  self-induction  of  the  primary  circuit,  and 
by  the  additional  spark  at  "make"  of  the  contact,  due  to 
the  discharge  of  the  condenser.  Ucnce  they  revived  and  im- 
proved the  mercury  break,  covering  the  surface  of  the  mercury 
with  alcohol,  and  breaking  the  primary  circuit  (see  Fig.  22) 
by  a  platinum  point  automaticaUj  lifted  out  of  the 
mercury.* 


§  13a.  Improvements  on  Bnlimkorff's  CoUa,  — Ruhmkorff 
succeeded  in  prtiducing  induction  coils  capable  of  giving  very 
long  sparks  from  the  secondary  circuit,  but  the  insulation  of 
these  coils  was  not  always  found  to  be  permanent.  Du  Moncel 
tells  us  tliat  Fizeau,  in  endeavouring  to  join  up  several  Ruhm- 
korff  coils  with  the  secondary  circuits  in  scries,  felt  severely  the 
need  for  better  insulation,  and  that  M.  Jean,  a  simple  amateur 
mechanician  iu  Paris,  solved  the  problem,  in  1804,  by  plunging 
the  whole  coil  beneath  the  surface  of  a  Liquid  insulator,  viz., 
oil  of  tui'pentinej  and  by  constructing  coils  in  this  manner, 
insulated  with  a  fluid  insulation,  Jean  succeeded  in  getting 
sparka  of  30  centimetres  in  length  at  a  time  when  no  ouo,  at 
least  in  France,  had  approached  this  length.!  Du  Moncel  says 
that  these  experiments  of  Jean  were  neglected  or  lost  sight  of, 
and  that  HuhmkorfT  finally  succeeded  in  obtaining  sparks  of 
60  centimetres  in  length  by  building  up  the  coil  in  sections. 

•  Foucault,  CompUs  Rendu*,  Vol.  XLIII.,  p,  04, 1856. 

t  Jecm's  eK|>critaenti  arc  rccordcil  in  the  Compta  Rendut,  VoL  XLVL, 
p.  186, 1858.  It  ifl  curiouti  to  observe  that  Du  MoDoel  uaturally  claims 
priority  for  his  couDtrjrtiuui  Jean  with  respect  to  tlus  suggestion,  to  immerse 
the  whole  iailuction  coil  iu  oil  or  insulating  fluid  to  obtain  higher  insulatioo, 
whilst  Wiodeiu&un  (sec  Gnhanism'M^  §  911)  claims  for  PoggendoHT  the 
originatiuu  of  the  idea.  Modem  iuventons  have  again  become  alive  to  Uie 
value  of  this  anggeatioD,  and  jmtenta  have  been  taken  out  for  immersing 
alternate  current  transformers  in  oil  aa  a  means  of  increasing  the  insula- 
tioD.  Mr,  Brooks  of  late  years  has  eepedally  drawn  attention  to  the  use 
of  certain  oils  as  insulators  and  to  the  practical  employment  uf  them  in 
cables  for  high  presure  currcQls. 
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Jean*8  ooila  woro  built  up  as  follows :  Tho  primary  wire  con- 
aisted  of  four  layera  of  wire  and  tho  secondary  cirouit  of  50 
layers.  Tho  primary  wire  had  a  thickness  of  IJ  millimetres 
and  the  secondary  -25  millimetre.  The  different  layers  of 
the  primary  and  secondary  were  separated  from  each  other  by 
woll-dried  blotting  paper.  Tho  whole  coil  was  placed  in  a 
glass  vase  and  filled  up  with  oil  of  turpentine.  The  ends  of 
the  secondary  wire  whore  they  emerjjed  from  tho  liquid  were 
passed  tlirotigh  glass  tubes.  Tlie  whole  coil  was  baked  and 
dried  to  oradioato  moibture  previous  to  immersion  in  the 
insulating  liquid.  M.  Jean  even  performed  this  desiccation  in 
a  vacuum,  and,  by  taking  tho  greatest  pains  to  avoid  contact  of 
air  after  and  during  this  drying  process  previous  to  placing  it 
in  tho  lifjuid,  ho  obtained  very  extraordinary  insulation.  There 
can  bo  littlo  question  that  M.  Jean  was  hero  on  the  right 
track,  and  that  this  liquid  insulation  had  many  important 
advantages. 

§  14.  Pogsendorff'fl  Besearches  on  Induction  Apparatna. — 
In  the  Philosophical  Matjaiin^  for  July,  1S55,  is  to  be  found 
a  long  Paper  by  Poggondorff,  giving  an  account  of  his  re- 
scturches  and  suggestions  with  regard  to  the  induction  appa^ 
ratus  of  Ruhmkorff.  He  begins  by  criticising  the  construotioa 
adopted  by  RuhmkoHT,  as  illustrated  by  one  of  his  coils  in  the 
physical  lftbon\tory  of  the  University  of  Berlin,  and  points  out 
in  the  6rst  place  the  defect  we  have  already  referred  to  in  the 
original  manner  of  winding  the  coil,  and  t^e  advantagee  to  be 
derived  from  winding  the  secondary  coil  in  aeotions.  V^th 
reepect  to  the  insulation  of  the  wire,  he  advises,  instead  of 
•hflUao  dissolved  in  alcohol,  the  use  of  itn  easily  fusible 
iaeolator,  such  aa  spermaceti,  or  a  mixture  of  wax  and  oil,  oi 
paraffin  wax,  or,  better  still,  the  use  of  tijtuid  insulator,  such  ac 
Tegetable  oil,  or  oil  of  turpentine,  so  that  permanent  defects  ol 
ianilatioa  ooold  not  occur.  He  also  propoeed  iiwnUfr^g  die 
•Qk-eOTered  wire  by  first  boiling  it  in  spermaceti  to  get  rid  of 
moMture  and  air.  Poggeudorff  expehmeutally  examined  the 
construction  of  each  element  of  the  ooil,  with  the  object  ol 
aaowttaming  the  beat  anmn^— oi\t  and  propoctionB  of  each  pai^ 
WA  xvipaot  to  th«  eottdeoBM,  he  adopted  a  snggeetioo  vhidt^ 
m^^mmaiJtj  enaoatcd  from  Hakke — vii^  to  use  mica  for  the 
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tlielectnc,  and  he  coDviuced  bioifielf  of  the  great  Buperiorlty 
of  mica  over  oiled  Bilk  iu  this  portion  of  the  apparatus.  Owing 
to  the  expense  of  procuring  largo  sheets  of  mica,  ho  also  used 
very  thin  paper,  vamiahed  with  amber  Tarnish,  as  a  substitute. 
Also  he  used  thin  giitta-pcrcba  sheet  for  the  same  purpose. 
Poggendorfif  made  many  experiments  with  the  object  of  ascer- 
taining the  exact  uifluenee  of  the  dimensions  of  the  condenser 
upon  the  spark-producing  power  of  given  coils.  He  came  to 
the  conclusion  that  the  stronger  the  primary  current  and  the 
longer  the  primary  circuit,  the  greater  must  be  the  capacity 
of  the  condenser  in  order  to  obtain  the  maximum  possible 
■ecoudary  spark.  Poggendorff  established  the  following  facts, 
some  of  which  had  previously  been  arrived  at  by  Masson  and 
Breguet : — 

(i.)  When  the  terminals  of  the  secondary  circuit  are  joined 
by  a  metallic  wire,  or  other  good  conductor,  induced  currenta 
at  "break"  and  "make"  of  the  primary  circuit,  which  are 
in  opposite  directions,  circulate  iu  the  secondary.  These 
currents  are  equal  in  quantity,  but  different  in  electromotive 
force. 

(ii.)  If  a  good  conducting  electrolyte,  such  as  dilute  siUphuric 
acid,  is  introduced  into  the  secondary  circuit,  oxygen  and 
hydrogen  are  liberated  at  both  poles  of  the  voltameter. 

(iii.)  If  the  circuit  of  the  secondary  coil  is  interrupted  by  a 
thin  stratum  of  air  or  gas  so  that  the  secondary  circuit  is  not 
complete,  then  only  one  of  the  secondary  currents  passes,  viz., 
that  produced  at  the  break  of  the  primary  circuit.  Hence  we 
have,  then,  phenomena  of  tension  at  the  ends  of  the  secondary 
circuit.  If  an  electroscope  is  touched  for  a  moment  against 
one  of  the  terminals  of  the  secondary  it  will  become  charged, 
but  the  sign  of  that  charge  will  bo  a  matter  of  chance, 
depending  on  the  instant  when  it  was  so  touched.  If, 
however,  a  spark  is  passed  across  an  air-gap  into  the  electro- 
scope &om  cither  terminal  of  the  secondary  it  will  always 
give  one  kind  of  charge,  viz.,  that  due  to  the  state  of 
the  secondary  pole  when  the  primary  current  is  interrupted. 
The  action  of  the  condenser  in  streu^'thcuing  the  secondary 
current  produced  at  the  "  break "  of  tlie  primary  is  only 
seen  when  the  circuit  of  the  secondary  circuit  is  interrupted 
by  an   air-gap    or  circuit    of   high   resistance.      When    the 
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secondary  ctrciiit  is  completed  by  a  better  conduetitig  medium, 
such  as  a  partially  exhausted  tube,  the  action  of  the  condenser 
is  m\ich  leas  apparent.  Poggendorff  also  examined  the 
phenomena  presented  when  the  currents  from  the  secondary 
coil  are  employed  to  charge  a  Leydon  jar.  He  noted  the 
effects,  independently  observed  by  Sir  W.  Grove,  and  published 
by  him  in  the  Philosophical  Magazine  for  .hinuary,  1S55,  which 
attend  the  secondary  discharges  when  a  discharging  path  is 
opened  across  the  terminals  of  the  condenser  thus  applied, 
Poggendorff  states  that,  in  December,  1854,  he  communicated 
to  the  Berlin  Academy  the  observation  that  if  a  Leyden  jar  has 
its  internal  and  external  coatings  connected  respectively  to  the 
two  terminals  of  the  secondary  coil,  and  if  wires  are  also 
brouf^ht  from  the  terminals  of  the  secondary  coil  to  within  a 
short  distance  of  each  otlier,  snapping,  bright  intermittent 
fiparka  will  be  obtained,  quite  different  in  appearance  from 
the  thiu,  bluish  continuous  sparks  of  the  ordinary  secondary 
discharge.  CitUris parihug,  these  discharge  sparks  are,  acconl- 
ing  to  Poggendorff,  stronger  the  more  powerful  the  batter^', 
and  the  smaller  the  charged  surfaces. 

Grove  discovered,  quite  independently  of  Poggendorff,*  the 
effect  produced  by  a  Leyden  jar  connected  across  the  secondary 
terminals,  but  he  examined  at  muclj  greater  length  the  whole 
plieuomeiiou.  Brielly,  he  found  it  to  be  as  follows: — If  a 
Leyden  jar  has  its  outside  coating  connected  to  the  inner  end 
of  the  secondary  circuit  of  an  induction  coil,  and  its  inner 
coating  to  the  outer  end  of  that  circuit,  and  if  a  pair  of  dis- 
charging points  are  connected  across  between  the  two  coatings  ^ 
of  the  jar,  then  when  the  coil  is  set  iu  action  and  the  dischai 
points  adjusted  to  a  proper  distance,  loud,  brilliant  intermittent 
sparks  jump  across.  These  sparks  are  much  more  brilliant 
and  solid  than  the  ordinary  discharge  of  the  secondary  circuit, 
and  take  place  at  a  slightly  less  distiince.  If,  now,  the  battery 
power  or  number  of  cells  0}»erating  the  coil  is  increased  the 
effect  is  only  to  increase  the  sparks  at  the  primary  ooutact 
breaker,  but  not  much  to  increase  the  secondary  discharges. 
When,  however,  a  larger  Leyden  jar,  or  another  Leyden  jar 
joined  in  parallel  with  the  first,  is  taken  and  connected  to  the 
secondary  the  effect  is  immediately  to  decrease  the  primary 
•  See  Pha.  Mag.,  Vol  IX.,  Serioa  4,  1886,  p.  1. 
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And  to  increaM  the  seoondaiy  apark.  Hence  Gtotb  foimd 
hA  oooM  apparaoUj  go  oq  addisig  odk  to  tin  Inttcty 
this  primary-  earrentt  or  mcr«Me  the  priimgy  decUO" 
motire   force  aad  Levden  j&n  to  the  secoodary  circuity  or 

the  edacity  of  the  aeocmdaxy  ctreoit,  Of«r  vide  limitBi 
with  eadk  such  Mlditaoo  the  brUliaaej  and  length  of  tha 
tna.  the  Meoodaiy  turminal  we  inc  waned.      In 
sking  for  an  expUnatioa  of  this  efiect  ve  haTe  to  bear  in 
mizid  that  the  Lejdea  jar  or  condeoaer  which  is  jossed  acraaa 
the  secondary  terminals  aeta  as  a  oondiietar  of  electricity  <fHna^ 
the  time   in   which   ^e  mduoed    dectromotire  force  m  the 
aeooodary  circuit  is  increasing  in  amount.      Also,  the  capacity 
of  the  condenser  reacts  with  the  self-induction  of  the  secondary 
circait  to  increase   the  maximom  potential  difference  at  the 
terminals  of  the  seoondarr  coil  in  a  manner  to  be  discusaod 
more  folly  Uter  on.      Daring  the  period  of  time  in  which  the 
•econdarr  inrene  indnoed  current  b  flowing  into  the  condenser 
it  isbeingefaaiged.    At  the  instant  when  the  seooodazy  induced 
electromotiTe  forcse  bocomea  sero  the  condenser  begins  to  dis- 
charge.    Owing,  however,  to  the  great  self-induction  of  the 
secondary  dreuit  of  the  coil  the  charge  of  this  condenser  does 
not  flow  back  throngh  the  secondary  coil,  but  springs  aoroas 
the  parallel  air-^p,  making  a  spark.     The  greater  bnliiancy 
and  noise  of  this    spark,    as    compared   inth   the   ordinary 
discharge   of  the   secondary    circuit,  is   due   to   the   greater 
quantity    of    electricity    which    passes    at   each    discharge. 
Poggendorff  made  some  Tery  instructive  experiments  with  two 
or  more  induction  coils,*  which  if  they  had  been  carefully 
studied  by  subsequent  inventors  might  have  done  much  to 
prevent  misconception  aud  error.     Poggendorff  took  two  similar 
induction  coils,  which  we  will  call  A  and  B,  and  arranged  them 
with  their  primary  coils  in  wrtes.      A  was  allowed  to  give 
sparks  from  its  secondary  circuit  whilst  the  secondary  circuit 
of  B  remained  open  and  having  its  soft  iron  core  removed.    The 
introduction  of  the  soft  iron  core  into  the  primary  coil  of  B  at 
once  weakened  the  sparks  from  the  second.try  circuit  of  A. 
Hence,  says  Poggendorff,  it  follows  that  **  two  complete  instru- 
ments combined  one  after  the  other  mutually   disturb  one 
another*  and  the  total  effect  is  not  equal  to  the  sum  of  the 

•  See  PkU,  Jfoff^  VoL  X.,  4tb  •ori»,  186S,  p.  137. 
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eSects  which  each  would  produce  with  the  same  intensity  of 
galvanic  curreut." 

He  then  modified  the  experiment  by  placing  the  coHs  A 
and  B  alongmh  of  ono  another,  so  tliat  the  j^rimary  circuits 
were  joined  in  parallel)  and  ho  found  that  the  insertion  of  the 
soft  iron  core  into  B  increased  the  sparks  given  by  A.  He 
found  that  in  the  6rBt  case,  when  the  primaries  were  in  series, 
the  closing  of  the  secondary  circuit  of  B  again  reproduced  the 
sparks  at  their  former  intensity  at  the  secondary  circuit  of  A ; 
whilst,  in  the  second  case,  when  the  primary  circuits  of  the 
coils  were  in  parallel,  the  subsequent  closing  of  the  secondary 
circuit  of  B  destroyed  the  augmeutation  of  the  sparks  at  the 
secondary  circuit  of  A.  The  explanation  of  these  effects  is 
obvious  in  the  light  of  what  is  now  known  as  to  the  effect 
of  the  closed  secondary  circuit  upon  the  impedance  of  the 
primary  circuit.  When  the  primary  coils  were  in  series,  the 
introduction  of  the  iron  core  into  B  increased  the  imped- 
ance of  the  whole  circuit,  and  hcnco  decreased  the  primaiy 
current  and  the  secondary  sparks  of  A,  but  the  subsequent 
closing  of  the  secondary  circuit  of  B  partly  annulled  the 
impedance  of  the  primary  circuit,  and  hence  reaugmented  the 
secondary  sparks  of  A.  Similar  explanationa  apply  to  the  case 
of  the  coils  with  primaries  in  parallel.  If  these  experiments 
had  been  carefully  considered  by  subsequent  inventors  it  would 
have  been  seen  that  induction  coils  with  their  primaries  in 
series  are  not  independent  of  each  other,  and  that  the  strength 
of  the  primary  current  ia  affected  by  the  opening  or  closing 
of  the  secondary  circuit  of  any  one  of  them.  Poggendorflf 
examined  very  carefully  the  action  of  the  contact  breaker,  both 
when  operating  in  air,  as  well  as  when  immersed  in  various 
liquids,  and  also  when  in  a  good  vacuum.  He  found  that, 
when  the  contact  points  of  the  contact  breaker  were  immersed 
in  pure  distilled  water  or  alcohol,  the  length  of  the  secondary 
spark  was  augmented,  when  compared  with  its  length,  when  the 
contact  breaker  operated  in  air.  He  made  also  the  curious 
observation  that  when  the  contact  breaker  on  the  primary 
circuit  operated  in  a  good  vacuum  its  action  in  lengthening  the 
secondary  apark  was  so  much  increased  tliat  it  produced  very 
nearly  the  same  cH'ects  when  acting  without  a  condenser  as  did 
a  contact  breaker  provided  with  a  condenser  when  acting  iaair. 


Tirouonos  coil  aito  transforher. 


^ 
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§  15.  Foucault's  Experimeats  -with  Two  Coils,  —  Tn  the 
ConUes  Emdui  for  1856  (Vol.  XLII.,  p.  215),  Foucault 
deacribcs  an  interesting  experiment  which  ho  made  witli  two 
BuhmkorfT  induction  coils.  He  desired  to  obtain  long  sparks 
by  adding  together  the  potential  of  two  induction  coils.  With 
this  object  he  joined  the  primary  circuits  of  two  similar  coils 
in  parallel,  and  operated  them  by  the  current  from  one  and 
the  same  battery.  Under  these  circumstances  the  contact 
breakers  did  not  vibrate  in  step,  and  the  secondary  spark 
length,  resulting  from  joining  the  two  secondary  circuits  in 
series  in  the  proper  way,  was  not  the  sum  of  the  lengths  of  the 
separate  secondary  simrks.  He  discovered  an  ingenious  way 
of  making  the  contact  breakers  keep  in  step.  This  was  ofTected 
by  joining  a  piece  of  wire  across  from  the  end  of  one  primary 
coil  bo  the  sLmil:^!  ^u.l  of  the  other,  this  junction  being  effected 
between  the  contact  breaker  and  the  beginning  of  the  {>rimary 
coil.  ^Vhen  this  was  done  each  hammer  kept  the  other  in 
step  with  itself,  and,  on  joining  ap  the  secondary  circuits  in 
series  in  the  proper  manner,  he  obtained  a  secondary  spark 
double  in  length  (m.,  18  or  20  mm.)  of  that  of  each  coil 
separately. 

§16.  Stohrer'B  Induction  Coil— In  185i  Emil  Stohrer 
directed  his  attentioa  to  the  improvement  of  the  induction 
coil,*  and  produced  a  form  of  coil  which  is  represented  in 
Fig.  23.  The  instrument  consisted  of  a  primary  wire  and 
core  of  divided  soft  iron  arranged  in  a  vertical  position, 
the  iron  wires  being  of  1mm.  diameter,  and  standing  loosely 
in  a  cylinder  of  wood  so  that  they  could  be  removed  one 
by  one  if  desired.  The  iron  wires  were  varnished  with 
shellac.  The  primary  coil  consisted  of  six  layers  of  double 
covered  wire  Imm.  in  diameter,  the  height  of  the  whole 
Bpind  being  20  centimetres,  and  its  diameter  over  all  50mm. 
The  secondary  coil  consisted  of  three  independent  coils  wound 
on  separate  bobbins  marie  of  varnished  paper  with  cheeks  of 
pear-tree  wood.  The  wire  was  insulated  with  silk  and  well 
varnished,  and  insulated  with  a  mixture  of  wax  and  resin. 
Stohrer  employed   an    independent    electro-magnetic   contact 

*  Soe  Poff^mdoff^i  AnntUtn,  Mftj,  1856  ;  kUo  PhU.  iftvj.,  1857.  Vol 
XIIL,  4Lh  eerioB,  p,  55. 
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breaker,  and  a  condenser  of  which  the  dielectric  consisted  of 
waxed  cloth.  He  obtained  good  socondary  sparks  12  or  14 
"lines"  in  length.  He  tried  producing,  as  Sinateden  had 
suggested,  an  arc  light  between  coke  points  by  means  of  the 
secondary  discharges,  but  he  was  not  aware  of  the  previous 
results  of  Gallon  or  of  Page  in  this  respect,  and  his  ooU 
evidently  famished  too  small  a  ^'quantity"  of  current  to 
enable  him  to  obtain  an  arc. 


Fid.  23.— Stohrer'B  InducUon  Cail  (1856). 


§  17.  J.  N.  Hoarder's  Induction  Colls.— Mr.  J.  N.  Hoarder, 
of  Plymouth,  began,  in  December,  1855,  the  construction  of 
induction  coils,  and  his  Papers  describing  his  work  are  to  be 
found  in  the  Philosophical  Magazine  for  November  and  Decem- 
ber, 1856  (4th  series.  Vol,  XII.,  p.  377).*  Hearder  had  his 
attention  drawn  to  the  subject  by  the  Paper  of  Grove  in  1855,  to 
which  reference  has  been  made  already,  on  tho  employment  of  a 
Loydcn  jar  in  connection  with  tho  socoudury  circuit,  and  this 
Paper  stimulated  him  to  examine  the  construction  of  Ruhmkorflfa 

*  It  U  BtAtcd  in  Itood'e  Manual  of  ElcciricUy,  Part  IF.,  tliat  Hearder 
\>Q\stui  his  work  oo  ioduction  coUa  in  1846,  but  Uiis  is  inoorrect. 
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faidnctaoD  cofl.  After  many  exporimoita  he  was  wicicieMful  in 
producing  a  coil  for  «-hich  he  obtained  a  silTer  medal  firom  the 
Koyai  Com  vail  Pol/teclinio.  It  ^pean  that  up  to  the  time 
ef  Hearder's  ezperimeDta  he  (Hearder)  had  not,  apparantly, 
sees  any  ome  oC  RahmkorflTa  induction  ooila  capable  of  giTing 
«  greater  leogUi  of  seeoDdarf  spark  than  thtee^uartcrs  of  an 
incb.  Hearder  adopted  sheet  gutta-percha  aa  his  insulating 
material  for  the  seeondary  coil,  and  he  deaoribea  the  thki 
difierenees  betveen  hU  own  and  Ruhmkorff*s  coil  aa  followa : — 
He  says  (PkU.  J/dy.,  Vol  XIY.,  4th  senes,  1857)  that  Ruhm- 
kortiTs  seoondavy  wire  was  inealated  with  cottoOf  whilst  he 
need  silk-covered  wire.  Ruhmkorff  employed  shellaced  ^t^pet 
between  the  layers  of  the  secondary  coil,  whilst  he  used  sheet 
gutta-percha  or  thin  rulcanised  sheet  india-rubber.  He  also 
daims  that  he  improved  the  iron  core  by  using  smaller  iron 
wires  than  Ruhmkorif,  and  that,  in  place  of  oiled  silk  for  the 
ooodenaer  dielectric,  he  substituted  vulcanised  india-rubber, 
gutta-percha,  or  vamigbed  cartridge  paper.  He  also  states 
that  he  improved  the  contact  l^eakcr  by  using  a  stiffcr  spring, 
the  rate  of  vibration  of  which  he  could  alter,  within  certain 
limits,  at  pleasure,  by  means  of  a  screw. 

Hearder  noted  particularly  the  limitation  impoeed  by  the 
tendency  to  discharge  from  layer  to  layer  of  the  secondary 
con  over  the  ends  of  the  layers  of  insulator,  and  he  prevented 
this  by  extending  the  sheet  gutta-p>ercha  placed  between  the 
several  layers  of  wire  a  good  way  beyond  the  wire  windings, 
60  that  the  discharge  would  have  to  take  a  longer  path 
through  air  to  get  round.  A  oonaiderable  controversy 
sprang  up  between  Mr.  J.  N.  Hearder  and  another  im- 
l^nTOver  of  the  induction  coil,  Mr.  C  A.  Bentlcy,  as  to 
who  was  the  first  to  suggest  these  modifications,  and  was 
continued  with  some  bitterness  between  them  (see  PhiL 
Jfa^.,  Vol.  Xril.,  1856,  p.  325).  Bcntley*s  description  of  his 
ooil  is  to  be  found  in  the  Phiiosophical  Ma^anne  for  1856 
(VoL  XII.,  4th  series,  p.  319).  He  constructed  a  coil  capable 
of  giving  secondary  sparks  two  inches  long  in  air  when  the 
primazy  current  was  produced  by  four  or  five  Grove's  cells. 
Bentley  also  adopted  sheet  gutta-percha  for  the  insulation 
of  the  various  layers  of  the  secondary  cotl,  but  whether 
before  or  after  Hearder  it  is  difficult  to  say.     He  employed  an 


48 


TEE  HISTORICAL  DBVKLOPMEJTr  OF  THE 


electro- magnetio  break  having  a  very  stiff  spring  to  the  hammer, 
the  time  of  vibration  of  which  ho  could  vary  at  pleasure.  Ho 
used  also  a  condenser  made  of  tiufoil  and  vamisliod  paper.         ! 

Hearder  construct-cd  about  this  time  a  coil  some  12  inches 
in  length,  in  which  the  secondary  circuit  had  a  length  of 
three  miles,  and  from  which  ho  obtained  secondary  sparka- 
aboat  three  inches  in  Icn^h.  He  noted  that  if  the  discharge-' 
wu  taken  between  6ne  platinum  terminals  not  more  thftn 
0'5  inch  apart,  the  negative  terminal  became  white  hot  very 
soon,  and  began  to  melt.  lie  made  mauy  experiments  on 
discharges  in  air  and  in  vacuo  between  terminals  of  different 
forms.*  • 

Hearder  published  a  Paper  in  the  Philosophical  Jfo^oaM-l 
for  1867  (Vol.  XIIL,  p.  325),  in  which  he  makes  many 
observations  on  the  heating  power  of  the  secondary  discharge, 
both  when  the  terminala  were  connected  to  a  Leyden  jar  in 
the  manner  described  by  Grove,  and  when  they  were  not.  He 
found  that  whereas  the  simple  secondary  current  could  not, 
under  certain  circumstjinces,  heat  a  few  inches  of  platinum 
wire  red  hot,  the  mere  interposition  of  a  Leyden  jar  across  the 
secondary  terminals  caused  the  platinum  wire  to  be  heated  to 
redness,  or  to  be  fused,  thus  showing  an  increase  in  the 
quantity  of  each  discharge. 

Bentley  asserted  that  he  had  independently  adopted  these 
same  improvements  as  Hearder,  and  that,  by  following  this 
mode  of  construction,  Mr.  Ladd  had  obtained  sparks  4^  inches 
long.  The  points  at  issue  between  these  inventors  ore  not 
very  important  except  as  showing  that  several  minds  had  ad- 
dressed themselves  to  improving  RuhmkorfT's  coil,  and  that  the 
causes  limiting  the  sparking  distance  were  gradually  being 
generally  understood. 

g  18.  Ritchie's  Induction  OoUs.— Mr.  E.  S.  Bitohle,  of 
Boston,  U.S.A.,  began  apparently  to  study  the  construction  of 
the  induction  coil  in  or  about  1857,  and,  probably,  not  know- 
ing what  had  been  done  by  Poggendorff,  he  again  brought 
forward  the  suggestion  of  insulating  the  secondary  coil  verti- 
cally instead  of  horizontally.  A  Paper  by  Ritchie  is  to  be 
fouud  in  Silli'm^s  American  Jotemal  of  Science  for  November, 
•  See  PhiL  Mag.,  Vol.  XXL,  4th  aeriee,  1856,  pp.  377  and  443. 
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1857  (VoL  XXrV.,  p.  45).  In  this  Paper,  Ritcbie  enumerates 
the  causes  of  tbc  difficulties  met  with  by  Stobrer  aud  Uearder 
in  lecgtheniDg  the  secondaiy  spark  beyond  throe  inohea,  and 
proceeds  to  describe  his  own  improvements.  Ritchie  wound 
the  secondary  wire  on  a  glass  tube,  beginning  near  one  end 
and  winding  the  wire  in  a  sort  of  very  steep  cone  {sec  Fig.  24). 
When  this  cone  of  wire  was  wound  on,  a  mxsher  or  disc  of 
Tolcauised  rubber  was  slipped  on  and  cemented  with  beeswax 
and  resin,  and  the  end  of  the  wire  passed  down  and  insulated 
with  a  strip  of  rubber,  and  then  another  cone  of  wire  built  up 
until  the  whole  tube  was  wound  full  of  coils,  insulated  from 
each  other  with  washers  "or  discs  of  sheet  rubber.  With  a 
helix  so  made  of  7,000ft.  of  wire  Ritchie  obtained  a  secondary 
spark  of  2J  inches,  aud  with  30,000ft.  of  wire  a  spark  of  six 
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inches.  He  supplied  the  above  coils  with  condensers,  having 
reepectively  30  and  7dft.  of  coated  surfaoe,  the  insulator 
being  thin  sheet  gutta-percha.  He  found  that  it  was  very 
important  to  get  high  insulation  between  the  primary  and  the 
secondary  coils,  aud  that  it  was  necessary  to  overlay  the  glass 
tube  on  which  the  secondary  was  wound  with  many  sheets  of 
guttarpercha  tissue.  In  1859  Ritchie  sent  to  France,  by 
MoCulloch.  a  coil  made  iu  the  above  way,  which  gave  secondary 
sparks  35  centimetres  in  length,  which  astonished  the  French 
■avanta,  they,  as  Du  Monoel  says,  not  knoi^-ing  uor  caring  to 
know  the  results  of  the  previous  work  of  M.  Jean.  A  recent 
ooil,  made  about  1860  by  Ritchie,  is  figured  by  Du  Moncel  in 
hia  book  on  the  Induction  Apparatus  of  Ruhmkorff,  and  is 
shown  in  Fig.  25.  The  coil  was  1 20  centimetres  in  length,  and 
contained  52  kilograms  of  wire,  and  weighed  in  all  112  kilo- 
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grams.  The  bobbin  was  composed  of  two  separable  portions, 
and,  in  fact,  was  two  distinct  coils.  The  core  was  a  bundle  of 
iron  wires  each  one  millimetre  in  diameter.  The  primary  coil 
was  60  metres  long,  and  oonatnictod  of  wire  five  millimetres  in 
diameter.  The  secondary  coil  was  71,200  niotres,  or  nearly  45 
miles  in  length,  and  constructed  of  wire  *18  millimetre  in 
diameter.  It  was  mode  of  the  purest  copper,  covered  with  silk, 
and  wound  in  a  series  of  flat  helices  of  one  thickness  of  wire, 
the  diflferent  spirals  being  insulated  with  paraffined  paper. 
The  insulation  between  the  primary  and  secondary  coils  was 
separated  by  a  glass  tube,  and  layers  of  vulcanised  caoutchouc 
placed  over  it.     The  condenser  consisted  of  sheets  of  tinfoil  of 


Fjo.  25.— Ritchie's  Itiduciioa  CuU  (1859). 

30  square  decimetres  in  area,  insulated  with  oiled  silk,  and 
arranged  bo  that  more  or  less  of  the  surface  could  be  utilised. 
The  interniptor  was  a  hammer-break,  actuated  by  an  electro- 
magnet aeporato  from  the  coil.  The  length  of  each  section  of 
the  bobbin  was  33  centimetres,  and  the  external  diameter  of  the 
coil  22S  centimetres.  With  the  currents  from  three  large  bichro- 
mate cells  the  secondary  sparks  were  53  centimetres  in  length. 


§19.  Mr.  Gassiott's  Large  Induction  OoU. — Id  1858, 
Ritchie  uoustructed,  to  the  order  of  Mr.  John  P.  Oassiott,  a 
large  inductiou  coil,  which  is  thus  described  by  Mr.  Gassiott  in 
the  Philosophical  Muf/adne  for  1858  (Vol,  XV.,  ith  series,  p.  466) : 
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short-circuited,  and  the  magneto-electrio  machine  was  applied 
directly  to  the  primary  of  tho  coil,  was  because  the  self- 
induction  of  the  jirimary  ooil  prevented  the  alternating  electro- 
motive force  of  the  generator  from  developing  any  but  a 
very  small  current  in  the  primary  coil.  When,  however,  the 
condenser  was  thrown  into  series  with  the  primary  coil  by 
opening  wide  the  contact  points,  the  capacity  of  the  condenser 
annulled  a  great  part  of  this  self-induction  of  the  primary 
circuit,  and  hence  permitted  the  alternating  E.M.F.  of  the 
generator  to  send  a  much  larger  current  through  the  primary 
coil,  and  this  was  able  to  generate  a  very  considerable  secondary 
ctirrent  ami  secondary  electromotive  force.  The  condenser 
neutralised  in  part  the  impedance  of  tho  primary  circuit.  In 
this  same  Paper,  Clerk-Maxwell  sketched  out  the  matbomatical 
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theory  of  the  shunted  condenser  in  series  with  an  inductive 
circuit  as  follows  : — Let  Y^  be  tho  maximum  value  of  the 
periodic  electromotive  force  of  tho  generator,  and  let  U  and 
L  be  the  resistance  and  inductance  of  the  primary  circuit  of 
the  coil,  and  C  tho  capacity  of  the  condenser  shunted  by  a 
non-inductive  resistance,  r,  arranged  as  in  Fig.  26.  Then  tho 
following  relations  hold  good : — Let  Vj  be  the  potential  differ- 
ence of  the  condenser-plates  at  any  instant,  and  let  tj  be  the 
current  through  the  primary  coil,  and  ty  the  current  through 
the  condenser  shunt.  Also  let  I^  be  the  maximum  value  of 
the  current  in  the  primary  coiL  If  Vq  ia  the  £.M.r.  of  the 
generator,  then  we  may  write 

vq  =  V^  cos  p  i 
as  the  expression  for  this  instantaneous  value  of  the  E.M.F.  in 
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terms  of  Its  maiimum  value,  where  p  Btanda  for  2  v  times  the 
firequency  of  the  alternating  current  or  electromotive  force; 

alflo  we  can  write 

»,«IlC08(pe  +  a), 

and  V,  =  r  »o. 

Hence  we  have 

and 


du 


as  equations  true  at  any  instant,  and  it  is  easy  to  deduce  that 
the  maximum  value  Ij  of  the  current  in  the  primary  is  given  by 

„     . Vo^l+C^r^Jt)^) 

If  r  =  0,  that  is,   if  the  condenser  is  short-cirouited,   this 
reduces  to 
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If  r»x ,  that  is,  if  the  shunt  is  removed,  it  reduces  to 
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In  the  case  when  2  C  Lp-  is  greater  than  unity,  the  value  of  Ij 
given  by  (2)  is  greater  than  the  value  given  by  ( 1).  Hence  the 
primary  current  is  increased  by  throwing  into  circuit  a  suitable 
condtiuscr.  If  C  L  p^ « 1  the  expression  for  the  current  is 
Toduoed  to 
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or  the  current  has  the  greatest  value  it  can  have,  and  the  Ihp 
ductance  of  the  primary  circuit  is  entirely  auuulled  by  the  con- 
denser. 

Maxwell  thus  pointed  out  the  condition  for  obtaining  the 
maximum  primary  current  and  the  reasons  why  the  interposi- 
tion of  a  condenser  of  suitable  capacity  increases  the  primary 
current,  and  bonce  increases  the  secondary  electromotive  force 
to  the  point  of  creating  very  considerable  sparks  between  the 
secondary  terminals. 
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§  21.  Mr.  Apps*  Large  Induction  Colls,  the  PolTtechnlc 
Coil,  and  Mr.  Spottiswoode's  Groat  Coil. — In  the  yimrs  ainoe 
1867,  Mr.  A.  Ap])8  has  devoted  great  attention  to  the  produc- 
tion of  large  Induction  coiIb,  and  has  boon  the  designer  and 
oonatructor  of  aomo  of  the  most  powerful  coils  in  existence. 
Mr.  Appa  began  by  making  coils  of  single  flat  spirals  of  wire 
insulated  by  discs  of  insulating  material,  but  finding  this 
construction  too  eipensive,  he  adopted  a  modified  form  of  the 
sectional  winding.  In  18C9  he  built  the  large  Polytcclmio 
coil,  sometime  exhibited  and  used  at  the  old  Polytechnio 
Institution  of  London.  The  aecondary  wire  of  this  coil  was 
150  miles  iu  length.  The  diameter  of  the  wire  was  '014  of  on 
inch,  and  it  was  silk-covered.  This  secondary  wire  was  wound 
in  grooves  about  J  of  an  inch  in  width  and  200  in  number. 
The  iron  core  was  a  bundle  of  Boft  iron  wire,  'iin.  in  diameter, 
weighing  1231bB.,  and  about  5ft.  in  length.  The  primary 
bobbin  weighed  1 451b8,,  and  consisted  of  6,000  turns  of 
covered  copper  wire  095  of  an  inch  in  diameter  and  3,770 
yards  in  length.  The  secondary  bobbin  when  complete  had 
an  external  diameter  of  2ft.  and  a  length  of  4ft  lOin.  The 
primary  coil  was  insulated  from  the  secondary  coil  by  on 
ebonite  tube.  Excit'Od  by  the  current  from  40  large  Bunsea 
cells,  this  coil  would  give  secondary  sparks  29in.  in  lengthy 
and  could  in  a  few  seconds  charge  06  Ley  den  jsirs,  each  having 
11  square  feet  of  internal  coated  surface.  The  soeondary 
discluirgo  oould  pierce  blocks  of  glass  5in.  In  thickness. 
The  secondary  sparks  were  of  considerable  thickness  and 
apparent  volume,  and  accompanied  by  a  kind  of  Hame.  The 
next  coil  of  any  importance  was  an  18in.  spark  coil  made  for 
the  late  Mr.  Spottiswoodo,  which  was  made  on  the  same 
general  lines  as  the  Polytechnic  coil.  After  introducing  many 
improvements,  Mr.  Appa  began,  in'187G,  to  construct  his  moit 
important  induction  coil,  viz.,  the  colossal  induction  coil  built 
for  the  late  Mr.  Spottiswoode,  which  is  described  aa  foUowa  in 
the  PhUotophical  Magazine  for  January,  1877,  p.  30,  and  which 
was  used  by  Mr.  Spottiswoodo  in  many  of  his  researches.  Ift 
is  thus  described  in  the  above-mentioned  periodical  by  Mr. 
Spottiswoodo  himself : — 

"The  general  appeanvnce  of  the  instnunont  is  represented  in 
Fig.  27,  by  which  it  is  seen  that  the  coil  is  supported  by  two 
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oi&sfiive  pillars  of  wood,  sheathed  with  gutta-percha,  and  filled 
in  towards  their  upper  extremities  with  paraffin  wax.  Besides 
these  two  main  supports,  a  third,  capable  of  being  raised  or 
lowered  by  means  of  a  screw,  is  placed  in  the  centre,  in  order 
to  prevent  any  bending  of  the  great  superincumbent  mass. 
The  whole  stands  on  a  mahogany  frame  reutiug  on  castors. 

"  The  coil  is  fiiniished  with  two  primariesj  either  of  which 
may  be  used  at  pleasure.  Either  may  be  replAced  by  the  other 
by  two  men  in  the  course  of  a  Few  minutes.  The  one  to  be 
used  for  long  sparks,  and  indeed  for  most  experimental  has  a 
core  consisting  of  a  bundle  of  iron  wires,  each  *032in.  thiok, 
and  forming  together  a  solid  cylinder  i4in.  in  length  and 
3'5625in.  in  diameter.  Its  weight  ia  671b8.  The  copper  wire 
used  in  this  primary  is  660  yards  in  Icngtli,  -OGGin.  in  diameter, 
has  a  conductivity  of  93  per  cent.,  and  odcrs  a  total  resistance 
of  2'3  ohms.  It  contains  1,344  turns  wound  singly  in  6  layers, 
haa  a  total  length  of  42in.,  with  an  internal  diameter  of  3*75in. 
and  an  external  of  4*75in.  The  total  weight  of  this  wire  is 
551bs. 

"The  other  primary,  which  is  intended  to  bo  used  with 
batteries  of  greater  surface,  e.g.^  for  the  production  of  short 
thick  sparks,  or  for  spectroscopic  purposes,  has  a  core  of  iron 
wires  '032in.  thick,  forming  a  solid  cylinder  44iu.  long  and 
3-8125  in  diameter.  The  weight  of  this  core  is  921bs.  The 
copper  wire  is  similar  to  that  in  the  primary  first  described, 
but  it  oousiats  of  504  yards  woimd  in  double  strand  forming 
three  pairs  of  layers,  whose  resistances  are  -ISl,  '211,  "231  ohm 
respectively.  Its  length  ia  42in.,  its  external  diameter  5'5in., 
and  its  internal  4in.  Its  weight  is  841b.  By  a  somewhat 
novel  arnmgoment,  these  three  layers  may  be  used  cither  in 
series  as  a  wire  of  •192in.  thickness,  or  coupled  together  in 
threes  as  one  of  •57fiiu.  thickness.  It  should,  however,  be 
aided  that,  owing  to  the  enormous  strength  of  current  which 
this  is  capable  of  carrying,  and  to  the  highly  insulated  secondary 
coil  being  possibly  overcharged  so  as  to  fuse  the  wire,  this 
larger  primary  is  best  adapted  for  use  with  secondary  con- 
densers of  large  surface,  for  spectrum-analysis,  and  for  experi- 
ments with  vacuum  tubes  in  which  it  is  desirable  to  produce 
a  great  volume  of  light  of  high  intensity,  as  well  as  of  long 
duration  at  a  single  discharge.     The  alternate  discharges  and 
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**1£mA  of  these  aeetioos  vas  wound  in  flat  diaes;  and  the 
svecage  mtmber  of  lajen  in  eaeh  diao  is  aboat  900.  ruyiii^ 
IweiWj  with  the  diffstent  staea  of  win^  ^  Hie  total 
nnmberof  trnnain  the  aeeondary  is  54l,8>50. 

**The  great  length  of  the  wire  neoeasarj  ean  be  easily 
ttndeiBtood  from  the  fact  that  near  the  exterior  diameter  of 
the  ooil  a  single  torn  exceeds  5ft.  in  length.  The  spark,  it 
is  befiered,  is  doe  to  the  namber  of  turns  of  wire,  rather  than 
to  its  lengthy  soitahle  insulation  being  pseoerred  throoghooft 
the  entire  length.  In  order  to  ensure  sucoeei,  the  layers  were 
carefalljr  tested  aepar&tely  and  then  in  seta,  and  the  results 
noted  lor  compariaon.  In  this  waj  it  was  hoped  that  step  by 
stop  aafe  progrees  would  be  made.  As  an  extreme  test^  as 
many  aa  70  cells  of  Groye's  haye  been  used,  with  no  damage 
whatever  to  the  insulation. 

''The  condenser  required  for  this  coil  proved  to  be  much 
"»*H'*«'  than  might  at  first  have  been  expected.  After  ft 
variety  of  experiments,  it  appeared  that  the  most  suitable  sin 
fa  that  usually  employed,  by  the  same  maker,  with  a  10-inoh- 
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■park  coil — viz.,  126  sheets  of  tinfoil  18iii.  x  8-25in.  in  surface, 
separated  by  two  thicknesses  of  varnished  paper,  the  two  thick. 
nessos  measuring  'Olltn.  The  whole  contains  252  sheets  of 
paper  19in.  x  Din.  in  surface. 

•'  Using  the  smaller  primary,  this  coil  gave  with  five  quart 
cells  of  Grove,  a  spark  of  2Siu,,  with  10  similar  celU  one  of 
35in.,  and  with  30  such  cells  one  of  37*5iD.  and  subsequently 
one  of  42iu.  As  these  sparks  were  obtained  without  difficulty, 
it  appears  not  improbable  that,  if  the  insulation  of  the  ends  of 
the  secondary  were  carried  further  than  at  present,  a  still  longer 
spark  might  be  obtained.  But  special  adaptations  would  be 
required  for  such  an  experiment,  the  spark  of  42in.  already  so 
much  exceeding  the  length  of  the  secondary  coil. 

"  When  the  discharging  points  are  placed  about  an  inch  apart, 
a  flowing  discharge  is  obtained  both  at  making  and  at  breaking 
the  primary  circuit.  The  sound  which  accompanies  this  dis- 
charge implies  that  it  is  intermittent,  the  time  and  current 
spaces  of  which  have  not  as  yet  been  determined, 

**  With  a  28in.  spark,  produced  by  five  quart  cells,  a  block 
of  flint  glass  3in.  in  thickness  was  in  some  instances  pierc^, 
in  others  both  pierced  and  fractured,  the  fractured  pieces 
being  invariably  ilint  glass.  If  wo  may  ofltimate  from  this 
result,  the  42in.  spark  would  be  capable  of  piercing  a  block 
Gin.  in  thickness. 

"When  uaed  for  vacuum  tubes  this  coil  gives  illumination  of 
extreme  brilliancy  and  very  long  duration  :  with  20  to  30  cells 
and  a  slow-working  mercury  break,  giving,  say,  80  sparks  per 
minute,  the  striaj  last  long  enough  for  their  forward  and  back- 
ward motion  to  be  perceived  directly  by  the  iinassisted  eye. 
The  appearance  of  the  stria)  when  observed  in  a  revolving 
mirror  (as  described  in  the  Proceedings  of  ike  Royal  Society, 
Vol.  XXV.,  p.  73)  was  unprecedentedly  vivid,  and  this  even  whea 
only  two  or  three  cells  were  employed. 

**  Further  experiments  have  shown  that  with  such  large  ooils 
only  the  newly  discovered  effects  of  very  high  temperature- 
combustion  or  volatihsation  can  be  produced.  Oa  exciting  thd 
primary  of  the  coil  with  a  suitable  dynamo  electric  machine,  or 
battery,  and  using  a  largo  Leyden  jur  in  the  secondary  oirouit 
(according  to  Sir  William  Grove's  experiment),  the  electrical 
discharge  passing  between  electrodes  placed  before  the  slit  of 
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the  spectroscope  lines  and  bands  may  be  obserred  to  advance 
and  recede  according  to  the  Tariationa  made  in  the  magnitude 
of  the  exciting  disehargea.  As  the  atmospheric  pressure  may 
be  aasomed  to  remain  constant,  these  eflfectj  are  probably  due 
to  differences  of  temperature  arising  from  the  action  of  a  greater 
or  nualler  extent  of  electrical  efTects  on  the  electrodes  in  a  given 
time." 

Following  on  this  great  ooil  Mr.  Apps  has  made  many  others, 
such  aa  the  ISOin.  spark  coil  made  for  the  Framjee  Eawasjee 
Institute  of  Bombay,  and  by  certain  devices  of  insulation  haa 
increased  the  length  of  the  secondary  spark  beyond  the  length 
of  the  bobbin,  thus  making  a  bobbin  of  8Jin.  in  length  gire  an 


Flo.  28.— Appe'e  Method  of  Tneniafmg  the  SeooiuUry  CoO. 

llin.  spark.  Asau  illustratiou  of  this  fact  Bir.  Apps  has,  by  per- 
mission, furnished  the  author  with  the  details  of  six  coils  made  for 
Lord  Armstrong,  the  measurements  of  which  are  as  follows : — • 
The  secondary  circuit  consists  of  8  miles  25  yards  of  silk- 
oorered  copper  wire,  '0064in.  in  diameter.  It  makes  41,425 
turns,  and  weighs  in  all  Tibs.  loz.  Tdrs.  The  secondary 
circuit  resistance  is  13,500  ohms.  The  interior  diameter  of 
the  secondary  bobbin  is  3^in.,  the  exterior  5-j^in.,  and  the 
length  Sjin.  The  secondary  spark  is  from  lO^in.  to  lliu.  in 
length.  The  primary  coils  consist  of  square  copper  wire, 
No.  14  RW.G.,  the  length  of  wire  on  each  bobbin  being  51 
yards,  laid  on  in  four  layers  of  36G  turns.  The  primary  coil 
renstanoe   ia    32  ohm.     The  length   of   the  primary  ooil  is 
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9'lin. ;  the  outside  diameter  of  the  bobbin  is  2ia.,  and  the 
inside  diameter  I -Gin.  The  most  effective  primary  current  ia  a 
curreut  of  12  amperes  and  10  volts.  Each  coil  is  fitted  with  & 
condenser  divided  into  six  parts.  The  details  of  the  processes 
hy  which  these  remarkable  achievements  in  insulation  are 
produced  ore  of  the  nature  of  trade  secretSi  but  generally  it 
may  be  said  that  the  greatost  precautions  have  to  be  taken, 
to  Bocnre  the  result.  Mr.  Apps  haa  obtained  a  high  ropu-j 
tation  by  the  excellent  performance  of  many  of  bis  coils. 


Flo.  29.— Appa'a  Improved  CouUct  Breaker. 


Some  of  Mr.  Apps's  improvements  in  induction  coils  are 
described  in  his  British  Specification,  No.  177,  of  January 
24,  1867.  In  this  ho  gives  the  details  of  improvements  in 
the  mode  of  insulating  the  secondary  coil,  and  in  the  con- 
struction of  the  contact  breaker.  His  method  of  obtaining 
high  insulation  between  the  primary  and  secondary  coil  is  aa 
follows  : — The  primary  coil  is  wholly  enclosed  in  an  ebonite 
tube  (tet  Fig.  28),  which  projects  beyond  the  secondaty  coil 
for  some  distance.  On  this  ebonite  tube  are  slipped,  alter- 
natelyi  a  series  of  ebonite  discs  and  ebonite  rings,  which  act  as 
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<!klaiwe  pleoeB  tep«ndsig  the  disca^  and  thus  Ibrm  &  MriM  of 
Dtfffov  grooves  or  eompwtnwiiia  in  which  the  fleeasdaiy  eoil 
*n»e  MooodujeoQ  it  then  kid  in  thew  groorci^ 
betng  cftrefaDj  inoaUted  tad  teited,  and  the 
loi&od  dp  ao  that  no  tvo  portk—  of  tlM  win 
winch  eooo  Ttrj  nmr  to  e*ch  other  are  at  vsiy  difierenl 
pohmtiih  fffwirVw  greatly  improring  thii  groore  mode  ol 
wtndiB&  Sfr.  AppB  detoted  attention  to  the  frtaot  breaker. 
He  gare  it  the  fona  shown  in  Fig.  29.  In  this  figon  S  ii  the 
^ring  whjdi  OMriet  the  hammer  head  H.  The  pQIar  A  ie 
oahed  at  n  with  an  insulating  ocular,  and  a 
N,  serrae  to  pras  hack  the  hamaicr  springs 
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if  dented,  so  that  the  platinum  contaots,  e^  e,  are  praned  more 
t^tly  in  contact,  and  the  time  of  vibration  of  the  spring,  S^ 
ifl  increased.  This  enables  the  rate  of  break  to  be  altered  even 
during  the  working  of  the  coil.  Mr.  Appe  has  devised  a  form 
of  molttple  contact  break  which  renders  it  possible  to  divide 
the  break  spark  between  several  points. 

It  cannot  be  said  that  anj  subsequent  improvements  have 
been  made  which  have  altered  for  the  better  the  mode  of 
oonstructiou  adopted  by  Mr.  Appe  for  the  construction  of  the 
induction  ooil  since  his  chief  large  coils  have  been  made. 
Other  makers  have  introduced  little  changes  of  arrangement, 
but  the  essential  features  in  all  good  coils  remain  the  same,  and 
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even  the  general  fonn  of  the  coil  ts  not  much  varied.  Some 
chongoa  of  niAnufacturc  have  been  introduced,  such  aa  that  in 
Pyke  and  Baniett's  induction  coil  (see  Fig.  30).  In  thia  coil 
the  hammer  break  is  erected  on  the  top  of  a  vertically  placed 
coil.  The  hammer  is  mounted  on  a  short  thick  spring  and  is 
rapidly  vibrated  by  an  auxiliary  electro-magnet,  the  exciting  coila 
of  which  are  in  a  alumt  circuit  to  the  main  primary  coIL  The 
main  coil  oontaota  are  so  mounted  that  their  normal  position  is 
in  contact,  one  of  them  being  carried  on  a  spring.  The  vibrat- 
ing hammer  in  its  excursion  strikes  against  one  of  these  con- 
tacts and  separates  them  slightly  and  instantaneously,  thus 
interrupting  the  circuit  of  the  primary  coil. 

The  whole  of  the  parts  are  arranged  for  ready  and  rapid 
adjustment.  The  discharging  terminals  of  the  secondary  cir- 
cuit arc  arnmgcd  at  the  side  of  the  coil  in  a  convenient  manner. 

§22.  The  Electro-technical  Use  of  the  Induction  CoU. 
Shepard's  and  Whitehouse's  Ooils. — The  iuductiou  coila  pre- 
viously described  wore  all  devised  and  contrived  with  the  object 
either  of  purtily  scieutiBc  applicatious  or  for  the  purpose  of 
exalting  the  degree  of  the  effects  capable  of  being  produced  by 
the  induction  ooiL  Inventors  began,  however,  to  see  in  the 
induction  coil  an  apparatus  which  might  be  applied  for  electro* 
tfOohnical  purposes,  and  to  direct  their  attention  to  that  side 
of  its  development,  Uenoe  began  a  long  series  of  patents 
for  improvements  in  induction  coils,  which  have  been  growing, 
«BpeoiaUj  since  l$76,  at  an  ever  increasing  rate.  One  of  the 
«arliest  of  these  patents  was  set  out  in  a  long  and  not  very 
lucid  specification  of  Floris  NoUet,  of  Brussels,  communicated 
through  £.  C.  Shepard  to  the  British  Patent  Office,  dated 
Na  15,302  of  185a  The  nature  of  Nollet'a  improvements 
is  not  Tery  dear  from  his  specification,  but  he  seems  to  have 
hati  the  idea  of  using  the  induced  currents  obtained  from 
induction  ooils  for  the  purpose  of  producing  the  eleotrio  light 
bj  aoQW  kind  of  are  or  incandescent  electric  lamp.  He  em- 
fkijtd  In  aone  eases  flat  spirals  of  thin  metal  as  his  primary  or 
MOondary  circuits,  and  he  interwoond  the  two  circuits  in  a 
manner  afterwards  proposed  by  Gaulard  and  Gibbs. 

In  1S55  Whitehoose  obtained  a  British  patent  (No.  3,617  of 
1S5<5)  in  tiM  apactficatiop  of  which  occurs  a  descr^ktico  of 
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Eduction  coils  npplied  for  telegraphic  purposes.  It  is  entitled, 
"Improvements  in  electro-telegraphic  ftpparatws,  parts  of  which 
are  also  applicable  to  other  purposes."  One  section  of  the 
specification  is  on  "  Improvements  in  induction  coils."  The 
secondary  coil  vas  to  be  placed  nearest  the  iron  core,  and  was 
surrounded  by  the  primary.  These  coils  were  to  be  used  singly 
or  two  or  more  in  combination,  all  of  them  being  included  in 
the  same  primary  circuit.  The  secondary  currents  thus 
obtained  were  stated  to  be  applicable  for  telegraphic,  blasting, 
ordnance,  as  well  as  electro-chemical  purposes. 

BMward  and  Charles  Bright  took  out  a  British  patent  about 
this  time,  dated  No.  2,103  of  1855,  for  "  ImproTements  in 
telegraphic  apparatus."  In  their  specification  the  construction 
of  certain  induction  colls  is  described,  the  arrangement  being 
as  follows  : — The  primary  coil  was  wound  on  an  iron  rod  and 
surrounded  by  an  iron  tube,  both  being  in  connection  with  the 
iron  flanges  of  the  coil.  The  secondary  coils  were  to  be  wound 
outside  the  iron  tube,  and,  if  necessary,  to  be  surrounded  by 
another  iron  tube  and  an  additional  serving  of  the  primary 
ooil.  It  is  not  very  clear  iu  what  respect  this  arrangement 
was  considered  to  be  an  improvement,  for  it  is  certainly  not 
on  arrangement  conducive  to  obtaining  the  greatest  amount  of 
inductive  effect  in  the  secondary  circuit. 


§  23.  Varley'a  Improvementa  in  the  Indnctlon  OolL — Mr. 
Cromwell  Fleetwood  Varloy  obtained  a  British  patent  in  1856 
(No.  3,050),  iu  the  long  speciBcation  of  which  certain  improve- 
ments in  induction  coils  are  described  aud  claimed,  lliese 
improved  coils  were  to  be  applied  for  telegraphic  purposes. 
The  most  remarkable  change  which  Varlcy  made  in  tho  con- 
struction of  the  induotiou  coil  was  in  making  tho  iron  core  a 
"  closed  magnetic  circuit."  The  soft  iron  wires  intended  for 
the  core  were  cut  more  than  three  times  the  length  of  the 
bobbin.  After  the  primary  aud  secondary  coils  had  been 
wound  on  the  core  the  ends  of  the  soft  iron  wires  were  bent 
back  so  as  to  overlie  and  enclose  the  windings  (iee  Fig,  31}  and 
thus  complete  the  magnetic  circuit.  Varley  also  divided  his  coil 
into  partitions  by  means  of  gloss  discs,  winding  tho  secondary 
eoil  in  compartments  and  joining  up  the  several  coils  so  that  no 
two  adjacent  ports  of  the  wire  were  at  very  different  potentials. 
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In  winding  his  primary  coita  he  proposed  to  use  square 
seotioued  wire  as  being  more  compaot.  He  also  proposed  to 
interwind  in  some  cases  the  primary  and  secondary  coils.  He 
devised  an  ingenious  key  for  not  merely  breaking  the  primary. 
circuit,  but  reversing  the  primary  current  in  it  at  the  instant  of 
depressing  the  key.  Varley  maintaiued  that  by  so  doing  he 
obtained  a  better  effect.  Although  he  was  probably  the  first  to 
construct   an   iuductiou   coil   with  &  closed   magnetic  circuit 


JH 


fLi 


d 


nnm 


^     L 


30CD 


Fio.  51.— Vwley'B  iDduction  Coil  {1856),  with  oloned-circuit  diTrided 
IroQ  Cure. 


combined  with  a  divided  iron  core,  he  did  not  explicitly  stat& 
that  this  form  of  core  was  not  the  most  suitable  for  use  with  a 
simple  interrupted  current,  on  account  of  the  superior  magnetio, 
retentiveness  of  such  a  circnit,  but  must  necessarily  be  employed 
with  a  reversed  or  alternating  current  if  the  best  results  ore 
to  be  obtamed.  Varley,  however,  constructed  the  coil  in  this 
manner,  and  was,  as  observed,  probably  the  first  to  adopt  a 
cloeed  circuit  divided  iron  core  for  an  uiduction  coil.    Valley's 
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Bpeeial  cUimfl  in  this  specific&tion  as  r^azds  tli«  inductioii  coil 
we  for  "  eoouiag  induotioa  0(uls  with  iron  oatsidd  the  primely 
or  primuj  and  aeoaodtfy  wires, "  and  "pbdag  a  series  of  three 
or  mate  flat  iDdaction  coils  side  by  side  so  as  to  place  the 
■eooodary  wire  for  the  meet  part  between  two  primaiy  wirea." 

In  1857.  C  W.  Harriaoa  obtained  a  patent  (Na  588)  for 
"trnproremeotB  in  obtaining  light  hj  eleetnoitj,"  in  tbe  sped- 
fieation  of  wiueii  he  has  a  few  lemarks  oo  the  use  of  a 
noondary  or  induced  current  from  an  induction  coil,  with  ag 
writboat  a  ooodensing  arrangement,  in  oonnection  with  a 
pcimazy  eorrent  to  produce  electric  light.  Tbe  primary 
coirent  was  to  gire  motion  to  the  electrodes  and  the  secon- 
darv  current  to  produce  the  electric  light.  He  says  "  it  is  pre- 
feied  not  to  break  the  circuit  of  the  primary  current,  but  to 
rerene  it." 

Morris,  Weare,  and  Monckton  paunted  in  1861  (Na  2,661), 
and  in  ISO'2  (Na  1,516),  certain  improrements  in  induction  ooila 
and  applications  of  tbem  to  the  production  of  light.  The 
aeoondary  discharges  from  induction  coils  were  to  be  passed 
tfarongh  vacuum  tubes  and  iUuminatioa  thus  obtained.  These 
inTBDtors  did  not  do  more  than  enumerate  and  claim  improTS- 
ments  previously  made. 

§  24.  Jablochkofs  Employment  of  Induction  Ooils.-^In 
1877,  Paul  Jablochkoff  obtained  a  Bridah  patent,  dated  Na 
1,996,  May  22nd,  1877,  for  "a  new  process  of  producing  and 
dividing  the  electric  light  and  apparatus  therefor."  In  this 
gpedficatioQ  be  describes  and  figures  the  use  of  a  number  at 
induction  coils  all  having  their  primary  ooils  arranged  in  series 
and  traversed  either  by  an  interrupted  direct  current  or  by  an 
alternating  current,  the  secondary  currents  so  induced  being 
fltnployed  to  maintain,  in  action,  one  or  more  electric  lamps  of 
a  particular  kind,  these  lamps  being  arranged  in  series.  The 
lao^ia  were  described  as  giving  light  by  the  inoaudeeoenoe  of  a 
piece  of  kaolin  interposed  between  two  conducting  electrodea. 
The  object  Jablochkoff  had  iu  view  was  to  "divide  tbe  electric 
light,"  that  ifl  to  say,  to  establish  a  number  of  small  and  inde- 
pendent units  of  light.  This  he  considered  he  had  done  by 
the  employment  of  a  number  of  induction  coils  "placed  on  one 
and  the  same  circuit,'  and  each  generating  from  one  primary 
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current  a  Bcries  of  secondary  currents  employed  to  illuminate 
one  or  more  electric  lamps.  He  says  in  his  specification  :  '*  As 
A  great  number  of  induction  coils  can  be  placed  in  the  circuit, 
and  as  a  number  of  lamps  may  be  placed  in  the  circuit  of  each 
coil,  it  will  be  seen  that  the  electric  light  is  thus  capable  of 
▼exy  great  subdivision."  The  fact  that  the  closing  or  opening 
of  the  secondary  circuit  of  any  one  coil  of  such  a  series  afiects 
the  primary  current  through  all  the  rest  does  not  at  all  appear 
to  have  been  present  to  the  mind  of  the  inveDtor.  An  applica- 
tion for  the  exteusion  of  this  British  patent  of  Jablochkoff  came 
before  the  Judicial  Committee  of  the  Privy  Council  in  May. 
1891,  but  was  refused  on  various  grounds  (see  The  Electrician^ 
May  15th,  1891,  p.  52).  During  the  hearing  of  this  case  it 
was  pointed  out  that  a  communication  describing  fully 
JablochkoSTs  system  of  electric  lighting  by  induction  coils 
had  been  made  to  the  Society  of  Telegraph  En^neers  of 
London,  on  May  9th,  1877,  or  thirteen  days  before  the  date 
of  his  British  specification,* 

§  25.  British  Patents  for  Improvements  in  Induction  Coils 
granted  in  1878. — In  1878  numerous  patents  were  applied  for 
in  England  for  improvements  of  one  kind  and  another  in  the 
construction  and  technical  use  of  induction  coils.  Wilde  took 
out  a  patent  (No.  1,228  of  1878)  in  which  the  alternating 
currents  from  one  of  his  magneto-electric  machines  were  to  be 
passed  through  the  primary  coil  of  an  induction  apparatus,  the 
secondary  currents  being  employed  for  actuating  telegraphio 
instruments. 

C.  W.  Harrison  in  his  Bpecification  (No.  3,470  of  1878) 
describes  the  employment  of  induction  coils  arranged  in  scries 
and  traversed  by  an  alternating  current  of  electricity,  and  the 
utilisation  of  the  secondary  currents  of  the  coils  for  operating 
a  rudimentary  form  of  electric  lamp. 

C.  T.  Bright  filed  a  provisional  specification  (No.  4,212  of 
1878),  in  which  secondary  currents  from  induction  coils  were  to 
be  employed  for  producing  light  by  means  of  discharges  in 
rarefied  gaaes.  The  primary  coils  were  apparently  intended  to 
be  placed  in  series  with  each  other.     Edwards  rind  Normandy  in 

•  8<M  Tiu  Journal  of  tkt  Soritty  pf  Tdtgra^  Engineert^  1877,  p.  306, 
"  On  a  new  form  of  Electric  Lighk." 
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their  British  specification  (No.  4,611  of  1878)  also  re-patented 
the  employineut  of  induction  coils,  having  their  primary  coils 
all  arranged  in  one  series  and  traversed  by  a  rapidly  intermittent 
cnrrent,  as  a  means  for  generating  local  secondary  currents  to 
he  applied  to  the  production  of  light  by  the  incandeaconce  of 
metalB  and  other  materials.  The  use  of  alternating  curreats 
of  electricity  for  the  same  purpose  is  also  indicated.  The 
secondary  circuits  were  to  be  insulated  wires  or  ribbons  of  metal 
or  stranded  conductors. 

In  a  British  patent  (No.  5,183  of  1878),  J.  B.  Fuller,  of 
New   York,  travelled  over   very  much  the  same   ground   aa 


Flo.  32.— Fuller's  luductiou  CoUor  TruuTonuer  (1878). 

Jabloclikoff.  He  defines  the  object  of  his  invention  as  being 
to  provide  an  electric  light  adapted  to  all  purposes  and 
divisible  into  small  units.  He  constructed  electro-magnets, 
conBiBting  of  two  soft  iron  magnet  cores,  arranged  parallel 
with  each  other  and  connected  magnetically  at  the  ends. 
These  electro-magnets  were  to  be  wound  over  with  two  cir- 
cuits, one  a  primary  and  the  other  a  secondary,  in  two  or 
more  sections  (k<  Fig.  32).  The  primary  coils  of  different 
magnets  were  to  be  joined  up  in  series  with  each  other  and 
to  be  traversed  by  an  alternating  current  (*«  Fig.  33).  The 
secondary  coils  then  become  the  seat  of  induced  currents,  and 
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these  were  to  be  utilised  for  the  production  of  light  by  arc 
or  incandescent  lam|)s. 

Li  the  Electrical  Review  for  April  let,  1879  (Vol.  VIIL, 
p.  117),  there  is  a  further  description  of  J.  B.  Fuller's  mode  of 
employiug  his  induction  coils.  This  inventor  had  evolved  a 
whole  Bystem  of  lighting— the  generator,  a  lamp,  and  a  meter. 
He  proposed  to  use  two  large  street  mains,  one  of  them 
insulated,  disconnectod  at  the  outward  ends.  The  positive 
main  was  to  throw  off  a  branch  wire  into  each  building  to  be 


Pio.  33. — AiraugemeDt  of  FullBr*a  Tr&nBlormera  in  Series. 


lighted,  the  wire  entering  the  meter,  performing  a  certain 
service  there,  and  theu  returning  to  the  negative  main.  The 
main  current  was  not  to  do  the  lighting,  but  it  was  to  generate 
another  current  in  a  series  of  induction  ootlo,  and  each  lamp 
was  to  be  lighted  hy  the  current  from  one  of  these  coils.  An 
alternating  current  was  to  be  used.  This  ardent  and  ingenious 
inventor  died  (Febniary,  1879)  before  he  could  put  his  plans 
into  action,  but  we  liave  in  the  above-mentioned  description  of 
his  work  a  plain  statement  of  the  proposed  plan  of  placing  a 
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of  indoction  eoOa  vith  priinary  eofls  mi  pmrmOd 
tvo  mahi  primarj  lines  axmI  openttng  kmpa  off  tke 
eircait. 

la  a  fariflf  ilflKiijUiwi  oi  Fuller's  mdncticQ  oodl,  giren  in  the 
MUetneal  Btmem  for  April  15tb,  1S79  (ToL  Vn^  p.  130),  it  im 
stated  that  FoUer  piupusgd  to  ooonect  together  ikm  aaoooduy 
«aili  of  Us  MsiMlisiaiiii  ia  psnUel  or  in  aeries  eeeordiqg  to 
tlM  nqidnnsBta  of  tbe  fanps  to  be  need.  In  this  artiola 
tbere  is  &  draving  snd  descriptioa  of  Fuller's  induction  ooiL 

It  is  dear  that  FuUer,  like  JaUochkofi;  b^d  the  notion  that 
an  alternating  ooirmt  oould  be  passed  through  the  pnmaiy 
eoQs  of  any  number  of  indactioQ  coils  amnged  in  series,  and 
that  the  ioductioa  coils  could  be  made  to  produce  secondsiy 
curreota  at  different  plaees,  and  that  each  secondary  current 
coold  be  regulated  independentlj  of  the  rest.  There  is  no 
that  the  iron  cores  are  to  be  of  divided  iron,  but  the 
recogniaed  that  diflhrent  electromotiTe  fonea  ssi^t 
be  genersted  in  the  seooodary  ooils,  aeoording  to  the  degree  of 
fineness  of  the  wire  employed  and  the  number  of  oonvolutions 
of  the  secotkdarf  coils. 

De  Meritens  obtained  a  British  patent  (Xo.  5,257  of  187S) 
for  the  same  class  of  invention.  He  proposed  to  employ  an 
alternating  current  which  was  to  traverse  the  primary  coils  of 
ft  serisB  of  induction  coils,  and  to  generate,  in  as  many  coils  as 
ilwiJl*^i  seooodary  currents  to  be  locally  employed  in  producing 
eleetrie  light.  The  iron  cores  of  the  induction  coils  were  to 
coQsist  of  bundles  of  soft  iron  wire,  theee  cores  being 
ananged  in  some  cases  so  as  to  form  nearly  closed  magnetic 
tiiciiita.  Every  one  of  these  inventors  seem  to  have  laid  hold 
of  the  same  erroneous  idea,  namely,  that  a  single  primary 
current  oould  produce  at  diiTereut  parts  of  its  circuit  any 
required  number  of  distributed  secondary  currents  by  means 
of  loal  induction  coils,  each  of  which  oould  be  regulated 
independently  of  the  others  and  of  the  primary  current* 
Foggendorffl  as  we  have  seen,  had  shown,  experimentaU/i 
and  Maxwell,  in  IS65,  theoretically  (PKii,  Traiu,  Bo^.  Soc, 
p.  459,  1865),  that  such  would  not  be  the  ease,  and  that 
the  closing  of  any  one  secondary  circuit  reduced  the  im- 
pedance of  the  whole  primary  current,  and  oonvenely  that 
the  opening  of   any  one  secondazy  circuit  increased  the  im- 
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pedance  of  the  whole  primary  circuit,  and  thereby  affected 
the  current  flowiDg  through  all  the  other  primary  coils,  and 
hence  the  secondary  currents  of  all  the  other  coils.  The  vicious 
notion  that  an  unlimited  number  of  induction  coils  could  be 
independently  operated  by  one  and  the  same  primary  current, 
like  a  tow  of  independent  windmills  by  the  same  current  of 
wind,  seems  to  hare  been  widely  disseminated  in  the  minds  of 
inventora  in  the  year  1878,  and  even  at  a  later  date  was 
revived  again  by  two  more  persevering  pioneers. 


8  26.  J.  E.  H.  aordon*B  use  of  Induction  Ooils.— In  May, 
1880,  Mr.  Gordon  filed  a  British  specification  (No,  1,826)  for  ap- 
paratus for  producing  electric  light.  He  proposed  to  take  advan- 
tage of  the  fact  already  made  known  by  Mr.  Spottiswoode  in 
1877,  and  as  we  have  seen,  by  Sir  W.  Grove  previously  in  1868, 
and  many  others,  that  the  alternating  currents  of  a  magneto- 
electric  machine  could  be  employed  to  produce  secondary 
ourrents  by  means  of  suitable  induction  coils.  The  currents 
from  the  secondary  circuits  of  these  coils  were  to  be  employed 
for  producing  electric  light  by  using  them  to  create  discharges 
between  terminals,  knobs  of  platinum,  or  other  infusible  metals, 
enclosed  in  glass  globes. 

He  says  in  his  specification :  "  I  use  induction  coils  of 
moderate  size  and  place  a  number  of  them  on  the  circuit  of  the 
machine,  eii/tfr  in  parallel  cimn'f,  or  in  series,  or  in  a  combina- 
tion of  the  two." 

It  is  interesting  to  note,  however,  that,  in  Edison's  British 
specification  (No.  5,306  of  1878)  at  the  end  of  the  provisional 
specification,  ho  makes  a  brief  reference  to  the  use  of  induction 
coils  for  electric  lighting,  and  he  says  :  "  Induction  coils  when 
used  should  be  placed  with  their  primary  coils  in  a  ihunt  from 
the  main  conductors  with  current  shifting  devices,  and  the 
secondary  currents  developed  by  induction  are  used  in  the 
electric  candles."  Hence,  Edison  clearly  explained  the  employ- 
ment of  induction  coils  having  their  primary  circuits  arranged 
in  parallel,  in  a  specification,  which  deals  specially  with  electric 
lighting  by  incandescent  lamps,  also  arranged  in  parallel. 

Mr.  Gordon,  in  his  specification,  gives  details  of  the  induction 
ooils  he  would  prefer  to  employ  for  the  purpose  of  his  method 
of  illumination.     They  were  ordinary  Ruhmkorff  coils,  with 
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divided  iroa  cores  built  in 
aJtemating  oarrent  from  a 
nucliine. 


sections,  and   operated  hj  an 
De    Meriteus    mugueto-electrio 


§  27.  Desprez's  Experiments  in  1881. — Marcel  Desprez  and 
Jalea  Carpontier  filed  a  British  specification  in  1881  (No.  4,128) 
which  deserves  notice,  in  that  they  proposed  to  employ  induc- 
tion coils  both  for  raising  and  lowering  the  pressure  of  a  current. 
In  other  words,  they  proposed  employing  both  eiep-up  and  ^ep^ 
dcwn  transformers.  They  say :  *'  When  a  quantity  current, 
proceeding,  for  instance,  from  one  or  more  elements  of  a  Bunsen 
battery,  is  passed  through  the  large  wire  of  a  RuhmkorfiTs  coil, 
high  tension  currents  are  produced  in  the  small  wire,  which  can 
overcome  a  great  resistance,  and  can  consequently  be  conveyed 
to  a  considerable  distance  without  appreciable  loss  of  power. 
If  this  high  tension  current  be  then  made  to  pass  through  the 
amall  wire  of  a  second  coil  at  tho  receiving  station,  it  will 
induce  a  quantity  current  that  will  have  nearly  the  same  force 
as  the  quantity  current  acting  ou  the  first  coil,  and  which  can 
then  be  employed  for  motive  power  or  other  purposes.  By  this 
means  it  has  been  found  possible  to  beat  to  redness  a  platinum 
wire  situated  at  a  distance  of  several  thousand  yards  by  means 
of  two  Bunsen's  elements,  whereas  it  would  have  required  a 
Tery  great  number  of  elements  to  obtain  the  same  result  if  the 
communication  between  the  battery  and  the  wire  had  been 
direct"  In  the  eighth  claim  of  the  specification  this  method  of 
using  two  induction  coils  to  successively  raise  and  lower  the 
ptessore  of  a  current  is  claimed. 

§  28.  Qanlard  and  Oibbs  Secondary  Oenerators. — Tho  next 
specification  in  order  of  date  connected  with  the  technical  use 
of  induction  coils  is  that  of  Gaulard  and  Gibbs  (No.  4,362 
of  1882).  In  its  original  form,  and  before  it  received  amend- 
ment by  disclaimer,  this  specification  was  remarkable  for  its 
emphatic  repetition  of  the  erroneous  notions  on  the  working  of 
induction  coils  in  series,  previously  prevalent.  These  inventors, 
like  others  who  preceded  them,  had  the  idea  that  an  alter- 
nating current  could  be  passed  through  the  primary  circuits  of 
**  an  unlimited  number "  of  induction  coils,  and  that  it  would 
create  in  each  secondary  an  induced,  current,  "  without  in  any 
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way  modifying  the  value  of  the  fjrimary  curreat."  The  inven- 
tors devised  a  form  of  induction  coil  (see  Fig.  31)  wound  over 
with  a  stranded  cable  of  seven  insulated  wires,  the  centre  one 
being  the  primary^  and  the  six  others,  united  in  series  or  in 
parallel,  being  the  secondary  circuit.  A  central  sliding  core  of 
divided  soft  iron  was  designed  to  move  in  and  out  and  regulate 
the  induction. 

An  alternating  current  was  to  flow  through  the  primary  and 
excite  in  induced  current  in  the  secondary  circuit  They  then 
proposed  to  place  one  of  these  coils,  say  every  500  metres,  upon 
a  primary  circuit  50  kilometres  in  length,  and  to  obtain  local 
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Fio.  34.— Gaulftrd  and  Qibbs  Fini  iDdaction  Coil  (1882). 


secondary  currents  for  electric  lighting  (a«  Fig.  35).  The 
inventors  were  evidently  under  the  impression  that  this  was  a 
novel  arrangement,  and  in  the  original  specification  they 
claimed  as  new  not  only  the  special  form  of  induction  coil,  but 
also  the  system  of  distribution  and  the  said  use  of  an  alter- 
nating current  with  an  unlimited  number  of  induction  coils. 
This  specification  was  amended  by  disclaimer  on  April  19th, 
1888,  to  claim  only  *'  the  employment  of  an  alternating  current 
of  high  tension  for  the  generation  on  a  niuuber  of  sec<mdary 
{feneratOTi  (e.p.,  induction  coils)  of  induced  currents,  individually 
Utilised  either  (or  the  production  of  light  or  motive  power." 
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The  special  form  of  induction  coil  was  diaclaimed.  An  attempt 
having  been  made  to  set  up  this  patent  as  a  master-patent 
covering  generallj  the  distribution  of  eteotric  currents  by 
meana  of  induction  coils  or  secondary  generators,  a  plea  for 
the  aimulmeut  of  this  patent  was  presented,  in  the  month  of 
July,  1888,  to  the  High  Court  of  Justice,*  and  a  revocation  of 
the  patent  was  granted  and  afterwards  confirmed  in  the  Court 
of  Appeal  and  the  House  of  Lords. 

The  chief  ground  of  annulment  of  this  patent  was,  broadly, 
that  the  disclaimer  had  removed  the  claim  for  the  special  form 
of  induction  coil,  and  by  so  doing  had  vitiated  the  patent  and 
extended  the  8coj)e  of  its  claims.     This  decision  as  to  annul- 
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Via,  35. — ^AiTUignaeat  of  OftuUnl  and  Gibba  Saooadary  Qeaeniwn 
ia  Series. 

ment  was  subsequently   upheld,   and    the  patent,  therefore, 
became  void  in  1890. 

The  Gaulard  and  Gibba  Secondary  Generators,  as  they  were 
called,  first  came  before  the  notice  of  the  electrical  world  in 
1883,  at  an  Electrical  Exhibition  held  at  the  Westminster 
Aquarium,  in  London.  Two  induction  coils  of  the  form  shown 
in  Fig.  36  were  exhibited,  by  means  of  which  electric  lamps 
were  lit  by  secondary  currents.  The  primary  current  was  a 
current  of  13  amperes  derived  from  a  Siemens  alternator,  and 
one  secondary  generator  yielded  a  secondary  current  of   40 

*  In  re  Gaulard  and  GiVbs  Patent  (Xo.  4^2  of  1882).  Heard  before 
Hr.  Jtutloe  Kekewicb,  July,  1888^  sod  nihieqQeDtly  carried  into  the  Coorl 
of  Af  peil  in  1889,  aod  to  the  Hooie  of  Lords  in  1890. 
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amperes,  lighting  incandescent  lamps,  and  the  other  provided 
current  partly  for  incandescent  lamps  and  partly  for  Jablochkoff 
ftro  candles,  and  for  an  alternating  motor.* 

At  the  time  when  Gaulard  and  Gibbs  exhibited  these  experi- 
ments, no  one  could  be  said  to  have  any  definite  knowledge  on 
the  subject  of  the  efficiency  of  an  induction  coil  aa  an  appliance 


Fta.  36i.— Gaulard  and  Gibba  Socondwy  Genentor  (1385). 


for  transforming  energj.  It  vm  common  knowledge  that  an 
induction  ootl  could  be  used  to  transform  electrical  energy  by 
raising  or  lowering  the  pressure  of  a  current,  changing  a  small 
current  at  high  pressure  into  a  larger  current  at  lover  pressure, 

•afgUtMe^  Rtvitv.  April  21. 1^3^  Vol.  XH..  p.  325. 
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but  no  one  hsu\  even  a  rough  idea  of  the  amount  of  energy 
diasipated  in  this  transformation.  The  general  notion  was 
that  it  was  probably  couaidcrablo.  Uence,  Gaulard  and  Gibbs 
deaerre  very  great  credit  for  the  boldness  and  coDstancy  with 
which  they  insisted  on  the  practicability  and  efficiency  of  this 
method  in  face  of  a  good  deal  of  ridicule  and  doubt.  They 
persevered,  however,  in  pressing  their  method  of  eleotrical 
distribution  on  the  attention  of  the  world,  altlioiigh  it  was,  of 
course,  pointed  out  to  them  that  Jablochkoff  and  Fuller  had,  at 
least  on  paper,  carried  the  project  quite  as  far.  Not  only  did 
they  engage  in  controversy  with  their  opponents,  but  they 
made  a  further  exhibition  of  their  secondary  generators  on  a 
larger  scale. 

In  the  latter  part  of  1S83,  an  experiment  was  tried  on 
the  Metropolitan  Railway.  A  Siemens  alternator  was  put 
down  at  the  Edgware  Road  Station,  and  a  high-pressure  alter- 
nating current  was  led  through  the  primary  circuits  of  a 
aeries  of  seoondaty  generators  (sef  Fig.  37),  which  reduced 
the  pressure.  The  high-pressure  current  was  transmitted 
through  the  primary  coila  of  secondary  generators  placed 
at  Netting  Hill  Gate,  Gower  Street,  King's  Cross,  and  Ald- 
gato  stations.  The  length  of  the  primary  circuit  was  1& 
miles,  and  the  primary  coils  of  the  generators  were  placed 
in  series  upon  it.  Incandescent  and  arc  lamps  were  worked  at 
these  various  stations.  Dr.  Hopkiuson  reported  on  this  system, 
and  made  use  of  the  quadrant  electrometer,  in  the  manner  sug- 
gested by  Messrs.  Ayrtou,  Fitssgerald,  and  Joubert,  to  obtain 
some  measurements  of  the  electrical  efhoieuoy  of  this  system, 
And  concluded  his  observations  indicated  an  electrical  efficiency 
of  86 — 89  per  cent.*  These  results  were  criticised  by  some 
writers,  and  it  was  considered  that  this  value  was  too  high. 
M.  Hoepitalicr,  in  particular,  i)ointed  out  that  the  efficiency  of 
transformation  would  decrease  as  the  load  on  the  secondary 
circuits  decreased,  and  expressed  the  opinion  that  at  half-load 
the  efficiency  would  not  be  more  than  f)0  per  cent. 

In  the  autumn  of  1884,  at  an  exhibition  at  Turin,  another 
demonstration  was  made  of  the  Gaulard  and  Gibbs  system. 
In  this  ease  the  primary  circuit  was  nearly  50  miles  in  length, 

*  See  Report  of  Dr.  Hopkinson,  Electrical  HevUv,  Vol.  XIV.,  p.  262^ 
Mftnh  29, 1884. 
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fLQcl  had  a  total  resistance  of   130  ohnis.     la  the  Exhibition 
buildiogs  stood  a  Siemens  alternator,  worked  by  a  30-H.F. 


J>'iu.  ^1. — UiiulAri]  ttud  Oibbs  ijecoadiu'y  Geueraton. 


engine.  The  primary  lino  was  a  chrome  bronze  wire  of  high 
<x>nduotivity5  3'7  millimetres  iu  thickness,  and  carried  on 
insulators   on   posts.     A   seiies  of  secondary  generators  waa 
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placed  on  this  line,  one  beiug  in  the  Exhibition  buildings,  one 
at  the  Turin  railway  station,  another  at  the  station  Veneria 


Tta,  38.— (j 


i.ijy  Geaemtor  (1884). 


Reale,  and  another  at  Lauko,  a  small  village  in  the  Alps  of  Savoy. 
Incandescent  and  arc  lamps  were  supplied  at  these  various 
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places.  The  Becondaxy  generator  here  employed  is  represented 
in  Fig.  38,  and  consisted  of  a  geries  of  copper  rings  of  a  shape 
shown  in  Fig.  39 ;  those  wcro  piled  one  above  the  other  and 
insulated  from  each  other.  This  construction  of  this  secondary 
generator  is  described  in  the  specification  of  Gaulard  and  Gibba 
(No.  3,173  of  1884)  in  the  following  words  :  "According  to  our 
invention,  we  form  the  conductor  for  the  primary  current  and 
the  conductor  in  which  the  induced  current  is  produced,  of  a 
aeries  of  annular  discs,  slit  across  at  one  part  and  furnished 
with  car-pieces  at  either  side  of  the  slit,  the  said  e&r-pieces 
extending  (torn  the  outer  circumference  of  the  annular  discs. 


Flo.  39.— King  or  Disc  of    GauUrd  and    Qibb«   Secondwy   GeDeretor 

(1884). 


The  conductor  for  the  primary  current  is  made  up  of  a  series 
of  these  annular  discs,  and  the  conductor  for  the  induced 
current  is  made  up  of  another  series  of  these  annular  discs,  the 
two  seriee  being  so  interlaced  that  the  convolutions  of  the  helix 
formed  by  the  discs  fur  the  primary  current  alternate  with  the 
oonvolutiouB  of  the  helix  formed  by  the  discs  of  the  induced 
circuit  An  annular  disc  of  insulating  material  is  placed 
between  each  convolution  of  the  double  helix  thus  formed^  and 
the  ear-pieces  of  all  the  discs  for  the  primary  current  are 
soldered  together,  and  the  ear-pieces  of  all  tlie  discs  for  the 
induced  current  circuit  also  soldered   together.     The  double 


isDccnox  oon,  axd  thax&fo: 


hcilix  thai  fonned  is  prorided  with  an  iroD  oon  uid  ooinpl«ted 
«t  in  an  ordinary  induction  ooil "  (tee  Figs.  40  and  41). 

A  further  fipecification  for  this  mode  of  ooostructian  waa 
filed  in  1884,  tIl,  Xo.  11,385  of  1884. 

It  ia  onhoua  to  not«  that  Gaolard  and  CKbba  found  that  thia 
amkafenient  ai  interiaoed  diaoa  beatowed  on  the  apparatus  a 


Fte.  40l — Diagmn  thowing  Mode  of  CoiiDectzDS  op  SpUt  Ring*  in  Uifl 
Oaalard  sad  Gihkm  Seoooduy  GcDentor  to  form  Primvy  uid  S«coDdai7 
Circaita. 
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prejudicial  electrostatic  capacity,  and  to  eliminate  this  quality 
they  reaorted  to  the  old  device  of  Callan  and  of  Page,  and 
joined  together  the  primary  and  secondary. circuits,  only  they 
effected  this  junction  by  the  intermediation  of  a  ooil  of  high 
aelf-induction  (tee  Fig.  42).  This  device  ia  deaoribed  in  theii 
qkeoifioation,  Na  11,331  of  1885. 
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Returning  to  the  experiments  at  Turin  Exhibitionf  we  may 
note  that  the  jury  of  the  exhibition,  including  such  authorities 
as  Tresca,  Weber,  Ferrini,  Ferraris,  Wartmann,  Voit,  and 
Kittler,  expressed  themselves  satibGed  that  &  very  novel  and 
important  experiment  had  been  made  in  carrying  current  for 
lighting  over  such  a  distance  by  means  of  induction  coils  ;  and 
au  award  of  10,000  francs  was  panted  to  the  inventors  for 
further  experiment.     Prof.  Galileo   Ferraris  begun,  during  the 


Fio.  41. — Diagram  ahowiDg  Mode  of  CoDDet-'ting  up  SpUi  Rings  in  Gaulard^' 
and  Oibba  Seoooduy  Qeuerator  to  form  a  Spir&l  Circuit. 


exhibition,  a  long  research  on  the  effioienoy  of  conversion  of 
these  induction  coils,  and  the  results  of  his  work  were  fully 
described  in  the  Electrical  Review  for  1885,  Vol.  XVL* 
Prof.  Ferraris  confirmed  the  results  of  Dr.  Hopkinson  by 
showing  that  at  full  load  the  efficiency  of  such  a  transformer 
was  in  the  neighbourhood  of  86 — 89  per  cent.  M.  Pietro  Uzel 
carried  out  experiments  at  Turint  which  also  confirmed  the 
above  general  results.  He  found  the  efficiency  of  a  small 
Gaulard  and  Gibba  transformer  to  have  a  maximum  value  of 

*  See  aUo  "  Altemato  Current  Traasfonuer."  YoL  I.,  chap.  4,  §  18,  for  a 
ftiU  account  of  Prof.  Ferruria'  work. 

tSee  EUetrkal  JievUv,  VoL  XVX..  p.  256,  March  21,  168& 
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80  per  cent,  when  the  load  was  about  400  watte ;  and  that  of 
a  bu-ger  size  to  have  about  90  per  cent,  when  the  load  waa 
some  800  watts  or  thereabouta.  He  found  that  the  efficiency 
of  transformation  decreased  both  for  lesser  and  for  greater 
loads.  Prof.  lioiti  also  determined  the  full  load  efficiency,  and 
found  it  to  be  91  per  cent.  In  these  Turin  experiments  the 
frequency  of  the  current  waa  134 — that  ia,  the  number  of 
complete  alternations  was  134.  This  critical  eiamination  by 
experts  of  these  secondary  generators  had  this  important  con- 
sequence, that  it  compelled  the  attention  of  electricians  to  the 
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FlQ.42. — Oaulard  and  Gibba  Method  of  AonuUiDg  Capacity  in  Transformera. 


virtues  and  the  defects  of  the  system  of  transformer  dis- 
tributiou,  as  illustrated  by  the  apparatus  of  Messrs.  Gaulard 
and  Gibbs.  To  these  inventors  undoubtedly  belongs  the  credit 
of  having  practically  demonstrated  to  the  world,  even  against 
great  opposition,  the  merits  and  feasibility  of  transformer 
distribution  of  electric  energy. 

It  Lb  a  matter  of  historical  cunosity,  as  illustrating  the 
mysterious  working  of  the  official  mind,  that  the  United 
States  Patent  Office  refused  to  grant  a  patent  to  Mr.  A. 
Bernstein,    in    1883,   for    the    employment  of    transformers 
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intended  to  lower  pressure  and  increase  current,  and  yet  the 
same  office  granted  a  patent  to  Gaulard  and  Cibbs,  in  1886, 
for  the  very  same  thing.  Mr.  Bernstein  thus  states  his 
ciperience.'*  He  says  that  in  1882,  being  then  in  Boston, 
U.S.A.,  he  carried  out  a  series  of  experiments  with  induction 
coils,  and  filed,  in  January,  1883,  an  application  for  a  patent 
in  the  United  States  Patent  Office  for  a  transformer  system, 
in  which  a  high  tension  alternating  current  was  to  flow 
through  the  piimary  coils  of  a  series  of  induction  coils,  and 
to  be  thereby  transformed  down  into  a  number  of  independent 
low  pressure  currents.  The  application  was  rejected  by  the 
officials  of  the  United  States  Patent  Office,  on  the  ground 
that  "  applicant  should  demonstrate  more  clearly  to  the  office 
the  possibility  of  producing  quantity  currents  from  intensity 
currents  by  means  of  an  induction  coil ;  it  is  not  quite 
apparent  honr  applicant  in  any  cn.se  can  get  more  quantity 
from  a  secondary  coil  than  he  has  in  his  primary."  Yet,  in 
October,  1886,  this  same  repository  of  official  omniscience 
granted  to  Gaulard  and  Gibba  a  United  States  patent,  of 
which  the  first  claim  reads  as  followa  : — - 

**(i.)  The  hereinbefore  described  art  or  method  of  electrical 
distribution  and  conversion,  which  consists  in  establishing  in 
a  closed  electric  circuit  a  current  of  alternate  and  equal 
positive  and  negative  potential,  producing  by  the  iufiuenoe  of 
such  a  current  an  induction  field  of  alternate  polarity,  and 
thereby  inducing  in  translating  devices  situated  in  an  inde- 
pendent closed  circuit  traversing  such  field  a  similar  alternating 
secondary  current  of  greater  quantity  and  less  potenttcU  than  the 
cri'jimiting  or  producing  currmt" 

AVill  anyone  say,  after  this,  and  having  regard  to  Henry's 
experiments  half  a  century  before,  that  official  wisdom  is  to 
be  trusted  in  the  matter  of  granting  or  refusing  patents  1 

§  29.  The  Parallel  Working  of  Transfonnera.— The  defects 
of  the  series  system  of  arrangement  of  transformers  made  them- 
selves evident  during  the  practical  trials  of  Gaulard's  secondary 
generators  on  the  Metropolitan  Railway.  Accordingly,  even 
before  that  date,  attention  was  drawn  to  the  important 
advantages  to  be  gained  by  arranging  the  primary  coils  of  the 

•  Seo  7^  EUctrician,  VoL  XVUI.,  1886,  p.  60  wid  p.  666. 


I 


I 


I 
■ 


Tin>ucno:7  coil  anl  traitbforver. 


83 


transformer  in  parallel  between  two  constant  potential  primary 
oaains.  In  June,  1883,  during  the  Hrst  exhibition  of  Gaulard'a 
induction  coils,  Mr.  Rankin  Kennedy  pointed  out  clearly  the 
non-independent  character  of  induction  coils  thus  worked  in 
series.*  He  described  an  experiment  he  had  made  illus- 
trating the  already  well-known  fact  that  the  closing  of  the 
secondary  circuit  of  an  induction  coil  reduced  the  impedance 
of  the  primary  circuit.  This,  as  wo  have  seen,  had  been 
experimentally  demonstrated  previously  by  Poggendorffi  but 
vaa  primarily  proved  by  Faradayt  from  direct  experiment,  and 
shown  by  Maxwell  in  18G5  to  be  a  consequence  of  first 
principles.  Mr.  Rankin  Kennedy  urged  the  objections  to  the 
series  arrangement  of  induction  coila,  and  concluded  that  the 
arrangement  of  induction  coils  with  primary  coils  in  parallel 
between  two  constant  potential  loads  would  make  the  system 
of  distribution  self-governing.  He  failed,  however,  as  far  as 
can  be  judged  from  his  letter  in  June,  1883,  to  the  Eicctrical 
Jieview,  to  grasp  the  fact  that  the  primary  conductors  could  be 
made  as  small  as  required  by  sufficiently  raising  the  primary 
electromotive  force,  and  employing  step-down  or  reducing  trans- 
formers for  lowering  it  in  the  secondary.  There  was  no  novelty 
in  the  simple  parallel  arrangement  of  induction  coils,  and  trans* 
formers,  even  with  primary  coils  arranged  in  parallel  on  a  con- 
stant potential  circuit,  are  not  self-regulating,  unless  the  lamps 
or  energy  transforming  devices  are  also  arranged  in  parallel  on 
the  secondary  circuits,  and  also  unless  the  primary  circuit  of  the 
transformer  has  such  high  impedance,  when  the  secondary  cir- 
cuit is  open,  that  the  primary  current  is  practically  reduced  to 
zero  in  consetpience. 

These  principles  may  be  rendered  clear  by  considering  the 
two  systems  of  arrangement. 

In  Fig.  43  is  represented  a  series  of  induction  coils  having  their 
primary  circuits  in  series.  If  incandescent  lamps  are  arranged 
in  parallel  on  the  respective  secondary  circuit*,  then  turning  on 
the  lamps  of  any  one  transformer  will  decrease  the  secondary 
circuit  resistance  for  that  particular  transformer.  This  will 
decrease   the    impedance    of    the    primary    circuit,   and   will 

•  See  Flertrieal  Rtvuvj,  June  9,  1883,  Vol.  XII.,  p.  486. 
t  "  Kxperimeiital   ResMrdiea  in  Electricity,"  Vol.  I.,  §  1,090  et  icq,, 
Series  IX. 
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therefore  increase  the  scries  current.  Such  a  Bystem  cannot 
be  made  self-regulating,  and  changing  the  number  of  lampa  in 
use  on  one  transformer  will  always  affect  the  current,  and 
therefore  the  light,  of  all  the  other  lamps.  If  the  lamps  on  the 
secondary  circuits  are  arranged  in  series,  then,  provided  the 
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FiQ.  43.— Truusformcrt  arranged  in  series,  with  Lunps  in  p&ralleL 
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Fio.  44. — ^Traosformera  arraugcd  ia  serioB,  with  lAinps  in  series* 


Fio.  45, — TraDBformers  MTRiigetl  to  parallel,  with  Lamiw  in  pu-allel. 

primary  current  is  supplied  from  a  couatant  current  alternator, 
80  that  the  primary  current  is  maintained  oonstant  for  alter- 
ation of  the  iin]>cdancc  of  the  primary  circuit  over  considerable 
limits,  and  provided  also  that  the  lamps  or  other  devices  are 
arranged   in   scries   on  the    secondary    circuits,   the    system 
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becomes  a  practical  one,  and  ia  self-regulating  and  independent. 
Such  an  arrangement  ia  shown  in  Fig.  44,  and  is  further 
described  in  Chap.  II. 

Again,  if  the  transformers  are  arranged  with  their  primary 
circuits  in  parallel  between  two  mains  kept  at  a  constant 
difference  of  potential,  as  suggested  by  J.  B.  Fuller  in  1878, 
and  if,  moreover,  the  lamps  are  arranged  in  parallel  on  the 
secondary  circuits,  as  in  Fig.  45,  then  a  second  practicable 
Bystem  is  obtained,  provided  also  that  the  impedance  of  the 
primary  circuit  of  each  tnmsformer  when  its  secondary  is  open 
ie  great  enough  to  practically  block  out  nearly  all  current  from 
the  primary.  On  this  constant  potential  system  nearly  all  trans- 
former distributions  are  now  made.  The  peculiar  advantages 
are  that  if  the  primary  circuit  of  each  transformer  has  sufficient 
impedance  when  on  open  seooailary  circuit,  which  can  be 
secured  by  sufficient  self-induction,  then  the  transformer  takes 
primary  current  just  proportionately  to  the  number  of  lamps 
turned  on  on  the  secondary  circuit. 


§  30.  The  Transformer  System  of  Zipernowsky,  B^rl,  and 
BIAthy. — These  advantages  of  the  pamllel  conatiint  potential 
system  were  not  fully  appreciated  and  acted  upon  until  tlioy 
had  been  definitely  jwiutod  out  by  Messrs.  Zipernowsky,  D<^ri, 
and  Bldthy,  of  Budapest.  In  August,  1885,  the  investigations 
of  these  gentlemen  were  made  known  in  a  series  of  technical 
Papers,*  and  in  which  the  reasons  for  adopting  the  parallel 
mode  of  arranging  induction  coils  were  given  fully,  aa  well 
as  descriptions  of  transformers  suitable  for  this  method  of 
working. 

In  the  summer  of  1885,  the  Inventions  Exhibition  was 
lield  at  South  Kensington,  and  part  of  the  exhibit  of  the 
Edison  and  Swan  United  Electric  Light  Company  consisted  of 
a  pair  of  10  H.P.  Zipemowsky-Deri  transformers  working  in 
parallel  between  a  p.iir  of  hi2h-[)ressuro  leads,  and  reducing  the 
preasure  f rom  1,000  to  100  volts.  The  current  for  these  trans- 
formers was  supplied  by  a  self-excitlug  alternator,  and  the 
primary  current  was  conveyed  by  a  pair  of  No.  10  B.W.G.  insu- 
lated copper  wires  a  distance  of  800  yards  to  the  place  where 
the  transformers  were  placed.  This  system  was  set  in  operation 
•QMBUfirical  Itcvitw,  Vol.  XVII.,  1885,  it-  02,  114  140, 153. 
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in  London  in  July,  1885.*  The  transformers  were  closed 
maguelio  circuit  trausformers,  aud  the  lamps  were  arranged  oa 
the  aecondary  circuit  in  parallel.  This  was  the  first  occasion  oa 
which  trausformem  with  their  primary  circuits  arranged  in 
parallel  between  a  pair  of  constant  potential  high  pressure 
mains  were  exhibited,  operating  incandescent  lamps,  arranged 
in  parallel  on  their  secondary  circuits.  This  small  installation 
was  worked  throughout  the  summer  and  autumn  of  1885  with 
perfect  success.  From  and  after  this  date  the  system  of 
parallel  working  was  universally  adopted. 

In  September,  1882,  Messrs.  Zipemowsky  and  D^ri,  of 
Budapest,  first  appear  as  British  patentees  taking  out  a  patent 
(No.  4,535  of  1882)  for  "Dynamo  Electric  Machines."  This 
spocificatiou  relates  to  the  construction  of  a  self-eiciting  alter- 
nating current  dynamo,  in  which  a  portion  of  the  alternating 
current  is  rectified  and  utilised  to  excite  the  field  magnets. 
The  armature  coils  are  fixed,  and  a  stellate  electro-maguet 
revolves  in  the  centre,  taking  up  current  to  enerijiae  it,  which 
is  shunted  from  the  main  current  and  rectified  by  a  commu- 
tator. In  July,  1884,  the  same  inventors  appear  again  in  the 
British  Patent  Office  lists  as  patentees  (No.  9,9S2  of  1884) 
of  what  they  call  a  "rotating  secondary  generator."  This 
appliance  consisted  of  an  electric  motor  worked  by  a  high 
tension  current  transmitted  from  a  distant  place,  and  an 
alternate  or  direct  current  dynamo  combined  with  it ;  the 
windings  for  the  motor  aud  the  generator  part  of  the  machine 
being  on  the  same  armature  core.  Tlie  object  of  this  con* 
trivauce  was  to  reduce  electromotive  force  by  causing  one 
continuous  current  to  generate  another  alternate  or  direct 
ourreut  at  a  lower  pressure.  In  March,  18S5,  Messrs.  Ziper- 
nowsky  and  Deri  took  out  a  British  patent  (No.  3,379  of  lb8a) 
for  the  system  of  arranging  trausformers  as  inductive  coils, 
with  their  primary  coils  in  parallel,  aud  for  a  complete  system 
of  electrical  distribution  and  the  methods  of  regulation  of 
pres&uro  corresponding  with  it.  The  general  scheme  of  their 
system  of  distribution  was  to  form  "secondary  distributing 
stations,"  or  **  local  centres,"  as  they  called  them.  In  these 
centres  were  to  be  placed  a  group  of  transformers  or  induction 
ooilfl  having  their  primary  circuits  all  arranged  in  parallel 
*  Sm  HUetricvii  Jimnew,  August  15, 13S5,  Vol  XVIX.,  p.  153 
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from  a  primary  circuit  providing  a  conafnt  high   pressure 
serrice  independent  of  load. 

We  oome  next  to  their  British  BpecIEcatiou  (Ka  5,201  of 
April,  1885),  in  which  Mossre.  Zipemowsky,  Deri,  and  Blathj 
describe  their  first  closed  magnetic  circuit  secondary  generator 
or  transformer.  Up  to  that  date  the  advantages  of  using  a 
closed  magnetic  circuit  in  alternate  current  transformers  had 
not  presented  themselves  to  their  minds,  and  they  here  describe 
the  form  whicli  has  been  called  the  '*  life  buoy  "  form  of  trans 
former.     The  primary  and  secondary  circuits  of  this  transformer 
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were  composed  of  circular  coils  of  insulated  wire  overlaid  one 
upon  the  other,  and  then  the  two  together  wrapped  with 
iron  wire,  as  shown  in  Fig.  47,  which  gives  an  elevation  and 
section  of  the  transformer.  This  form  of  transformer  was, 
however,  constructively  and  electrieally  an  unadvantageous  onOi 
and  in  a  short  time  ceased  to  be  used. 


Pio.  47. — Zipcrnowsky-P-   i  mieni,  1885  form 

iSte  Ftg.  8|  Chap.  11.,  for  pervpectiTe  view  of  tbe  Bame.) 

§  31.  Closed  and  Open  Magnetic  Circuit  Transformers. — We 
have  soen  that  Cromwell  Varley  constructed  induction  coils  in 
which  the  iron  core  fomiod  a  complete  magnetic  circuit  linked 
with  the  conducting  circuit,  and  that  Ziperaowsky  and  D^ 
later  on  constructed  a  dissimilar  type  of  closed  magnetic  circuit 
transformer.  Transformers  or  induction  coils  may  aooordiugly 
be  divided  into  four  classes,  depending  on  the  disposition  of 
the  iron  core.     These  are, 

(i.)  Transformers  with  open  or  incomplete  iron  magnetic 

circuits. 
(ii.)  Tmnsformers  with  closed  or  complete  iron  magnetic 

circuits. 
(ui.)  The  (V)rK  type  of  transformer. 
(iv.)  The  $heU  type  of  transformer. 


nroccnox  con.  axd  traxspoiuicb.  TO 

The  last  two  tcrmis,  wwr  and  lAW/,  \rere  introduced  by  Mr, 
G.  Kapp,  to  denote  the  difference  between  transformers  like 
that  of  Gaolard  and  Gibbs,  iu  which  the  iron  forma  the  core  or 
eenizal  portion  on  which  the  wire  windings  are  placed,  and 
those  in  which  the  iron  encloses  the  coils,  like  a  shell,  aa  in  the 
1SS5  Zipemowsky  form.  There  are  many  forms  of  transformers 
which  are  as  much  shell  as  core  transformers,  and  the  diyisiooi 
are  not,  therefore,  sharply  marked. 

§  32.  Hopklnson's  Patents  for  Transformers. — In  1 881  Br. 
Hopkinson  took  out  a  British  patent  (No.  3,362),  in  which  ha 
described  the  construction  of  a  choking  coil,  constructed  with  a 
closed  magnetic  circuit  of  divided  iron,  woimd  over  with  ooils 


yiiiiir 

Fio.  48.— HopkiDMn'a  Chftking  Coil  (1881)  with  divided  Iron  Core. 


•of  inatilated  wire  {tee  Fig.  48).  This  was  not  designed  as  a 
transformer,  but  intended  as  an  impedance  coil  for  use  with  are 
lamps  for  the  purpose  of  steadying  and  regulating  the  current. 
It  was  intended  that  more  or  less  of  the  coils  should  be  thrown 
into  circuit,  aa  ret^uircd,  thereby  constituting  the  device  aa 
adjustable  self-induction  coil. 

In  October,  1884,  a  specification  was  filed  (No.  14,233),  by 
John  and  Edward  Hopkinson,  for  improvements  in  the  con- 
struction and  application  of  induction  coils;  and  in  this  specifi- 
cation they  proposed  to  construct  secondary  generators,  Imving 
closed,  or  approximately  closed,  magnetic  circuits  of  iron, 
divided  parallel  to  the  lines  of  magnetic  force.    The  construction, 
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as  shown  in  Fig.  49,  only  differs  from  the  previously  patented 
choking  coil  in  having  two  sets  of  circuits,  primary  and 
BBcondary,  wound  on  the  divided  iron  core.  They  claim  that 
this  improved  induction  coil  possessed  advantages  over  others, 
not  only  on  account  of  its  great  power  in  comparison  with  its 
volume,  but  also  on  account  of  tho  small  electrostatic  capacity 
of  the  coils  in  relation  to  one  another.  The  specification  as 
originally  drawn  waa  evidently  drafted  on  the  presumption 
that  such  closed  magnetic  circuits  of  divided  iron  had  not 
previously  been  used,  but,  as  we  have  seen,  Cromwell  Varley 
had  employed  the  closed  divided  iron  circuit  in  an  induction  coil, 


Fia  49.— J.  acd  E.  Bopkinauu'fl  T:-aiuformer  (1684)i 


and  Hopkinson'a  patent  waa,  therefore,  amended  by  disclaimer 
on  August  21st,  1890,  leaving  in  claims  covering  the  general 
construction  of  secondary  generators  with  closed,  or  approxi- 
mately closed,  mngnetic  circuits  of  divided  iron.  Two  forma 
are  figured  in  the  specification,  in  one  of  which  the  primary 
and  secondary  coils  are  wound  on  an  iron  core  after  the  fashion 
of  a  Gramme  ring,  the  primary  aud  secondary  coils  being 
alternated  and  the  secondary  coils  coupled  up,  either  in  parallel 
or  in  series,  according  to  the  purpose  to  be  served.  In  the 
other  form,  the  primary  and  secondary  coils  are  placed  on  a 
straight  core  made  of  a  bundle  of  iron  wires,  the  magnetic 
circuit  being  completed  by  bundles  of  iron  wires  laid  on  outaide 
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the  ooils  and  brought  into  coutact  with  the  central  core  at  the 
extremities,  fonntug  a  closed  induction  coil  resembling  the 
lent  of  coil  designed  by  Varley  (see  Fig.  50). 
Prior  to  the  date  of  Dr.  Hopkinson's  patent,  Mr.  Rankin 
Kennedy  says  he  bad  employed,  in  an  experiment,  a  closed 
magnetic  circuit  transformer  li&ving  a  core  of  divided  iron.  In 
a  letter  to  the  Electrical  RtvUxo,  on  June  16,  1883  (Vol  XIL, 
p.  506),  he  describes  the  experiment  he  made  with  a  Gramme 
ring,  having  a  core  of  Xo.  16  6.W.G.  soft  iron  wire,  and  having 
wound  ou  it  sixty  sections  of  No.  14  copper  wire.  One  half  of 
these  sections  of  the  copper  coils  were  connected  up  together 
in  seriea,  taking  alternate  coils,  and  the  other  half  of  the  ooiIb 
were  also  ooouected  up  iu  series.     Then,  using  one  series  aa  a 
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Fio.  60.— Hopkinson'a  Cloted  Ma^rnetic  Circuit  lodactJon  CoH  (1BB4). 


imary  coil  and  the  other  as  a  secondary  coil,  be  induced  a 
aecondary  current  by  means  of  an  alternating  primary  current. 
Some  measurements  of  the  ratio  of  the  strengths  of  the  pri- 
and  secondary  currents  of  this  1  ;  1  trausfurnier  led 
^bim  to  the  conclusion  thut  the  Gramme  ring  so  used  formed 
an  efiicient  secondary  generator.  He  pointed  out  that  the 
sections  of  this  Gramme  ring  could  be  coupled  up  in  series 
or  in  parallel. 

Gaulard  and  Gibbs  also  subsequently  had  suggested  to  them 
tliat  it  would  be  better  to  employ  a  complete  iron  magnetic 
circuit.  Mr.  Ksson  has  stated*  that,  iu  1 885,  he  advised  Graulard 
and  Gibbs  to  join  up  the  cores  of  two  secondary  generators  at 
the  top  and  bottom,  bo  as  to  complete  the  magnetic  circuit. 

•  Ptoo.  hxU,  ^f  EUc,  Eng.,  VoL  XX  ,  p.  202L 
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They  acted  upoa  this  suggestion,  and  thus  formed  a  Gramme  ring 
as  used  by  Kennedy.  Mr.  Blathy  has  also  asserted  that,  in 
August,  188-1,  experiments  were  in  progress  in  Ganz's  works  at 
Budapest,  which  showed  the  advantages  of  a  closed  magnetio 
circuit  of  divided  iron.  We  shall  allude  in  a  later  chapter  to 
the  arguments  for  and  against  the  open  circuit  type  of  trans- 
former. 

In  connection  with  Hopkinson's  patents,  it  may  also  be 
noticed  that,  in  1882,  Dr.  Hojikinsou,  in  a  Britibh  specifica- 
tion (No.  3,576),  describes  a  method  of  measuring  the  potential 
at  the  end  of  a  long  service  lino,  similar  in  principle  to  the 
methods  afterwards  employed  by  Zipcrnowski,  Deri  and  BlAthy, 
which  consisted  in  passing  the  main  current,  or  a  portion  of 
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Fio.  61.— HopkiQflon'fl  Kethod  of  Meaiuring  the  Yolta  at  the  br  end  of  a 
Feeder  or  Service  Circuit 


the  main  current,  through  one  coil  of  the  galvanometer,  the 
other  coil  being  in  a  shunt  across  the  mains  («c<  Fig.  51). 
In  Hopkinson's  patent  this  method  was  only  described  in 
connection  with  continuous  currents,  but  he  applied  the  device 
not  only  to  measure  the  pressure  at  the  end  of  the  long  supply 
line,  or  feeder,  but  to  preserve  the  pressure  constant  at  the 
end  of  such  feeder.  This  he  projtosed  to  accomplish  by  the 
use  of  a  difTerentially  wound  relay,  this  relay  being  so  adjusted 
that  any  variation  in  the  pressure  at  the  far  end  of  the  feeder 
could  be  made  to  alter  the  electromotive  force  of  the  dynamo 
attached  to  the  feeder,  by  changing  its  magnetio  field,  or 
altering  the  speed  of  the  motor  in  some  convenient  way.  The 
circuits  on  the  relay  wore  respectively  connected  in  shunt  and 
in  series  with  the  circuit  controlled. 


IKDVCmOV  COIL  AND  TRANSFORMER. 


9Z 


§  33.  rnrther  Improvements  and  Patents  of  Zipernowsky, 
D^  and  BUthy,  in  Transformer  Systems  and  Transformer 
Oonstmction. — In  June,  1886,  Messrs.  Zipernowsky,  DtSri  and 
BUthy  filed  a  British  specification  (No.  8,040),  in  which  they 
developed,  in  a  very  comprcheusive  manner,  a  system  of  regu- 
lating the  electric  pressure  at  the  extremities  of  the  feeder 
lines,  or  long  supply  lines,  taking  advantage  of  the  principle 
laid  down  in  Hopkinson's  patent  just  referred  to,  and  which  is 
explained  more  in  detail  in  the  next  chapter.  The  object  of 
the  invention  described  in  this  Bpeci6cation  is  thus  given  by 
these  inventors : — 

"The  object  of  this  invention  is  to  regulate  the  strength 
or  the  pressiire  of  alternating  electric  currents  by  means  of 
induction  coils  or  transformers.  One  arrangement  is  intended 
to  maintain  a  constant  ratio  between  the  intensities  of  alter- 
nating electric  currents,  having  a  common  source,  or  to  divide 
an  alternating  current  of  given  intensity  into  two  or  more 
branches  of  determined  strength.  If  two  alternating  currents 
Erom  a  oommon  origin  are  sent  in  opposite  directions  through 
the  two  bobbins  of  an  induction  coil,  this  coil  will  have  a 
tendency  to  bring  the  intensities  of  the  two  currents  into  a 
ratio  to  one  another  equal  to  the  reciprocal  value  of  the 
ratio  of  the  number  of  windings  of  the  respective  bobbins ;  for 
in  the  bobbin  in  which  there  ia  the  larger  number  of  ampere- 
turns,  there  will  be  acting  a  counter-electromotive  force, 
weakening  the  current,  while  in  the  second  bobbin  an  electro- 
motive force  in  the  same  direction  as  the  current  will  tend  to 
increase  the  current.  The  larger  the  mutual  induction  co- 
efficient of  the  two  bobbins,  the  less  will  be  the  diOerence 
between  the  ratio  of  the  strengths  of  the  two  currents  and  the 
inverse  ratio  of  the  number  of  windings  of  the  bobbins.  There- 
fore, if  we  desire  to  have  two  alternating  currents  liaving  a 
determined  ratio  to  one  another,  we  cause  the  currents  to 
traverse  the  bobbins  of  an  induction  coil,  the  number  of 
windings  of  the  said  bobbins  being  in  a  ratio  to  one  another, 
the  inverse  of  the  current  stren^'ths  required.  In  Fig.  52  is 
shown  a  system  of  dintribution  in  which  circuit  I  is  such  a 
divided  circuit,  and  the  inductinn  coil  D  serves  the  purpose  of 
maintaining  the  constant  nitio  in  the  strengths  of  the  two 
branches  of   this  circuit.      The   second  method   of  applying 
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transfomiQrB  for  the  regulation  of  alternating  currents  is  when 
alternating  electric  currents  ore  diBtributed  in  a  manner  to 
maintain  a  constant  pressure  at  the  ends  of  certain  conductors. 
!n  auch  cases,  the  inventors  state  they  use  trausformers  for  com* 


Fio.  62. 


pensating  the  fall  of  preflsure  caused  bythe  resistances  of  the  con- 
ductor between  the  points  of  consumption  and  supply,  that  is  for 
automatically  changing  the  pressure  at  the  source  of  supply  and 
keeping  it  constant  at  the  point  at  which  the  current  is  to  be  used." 
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Broadly  speaking,  Iheea  reguUting  devices  will  be  found  to 

[^onast  in  the  emplojment  of  trauaformere,  one  coil  of  which 

in  the  main  circuit,  and  another  coil  of  which  is  a  shunt 

the  main  circuit,  the  cuirents  being  caused  to  flow  in 
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Fio.  63. 

FtJpposite  directions  round  these  two  coils.  Such  dcrices  are 
|>articularly  useful  in  providing  for  the  supply  of  constant 
pressure  between  branch  circuits  taken  off  at  any  point  In  the 
line  of  a  long  supply  line  of  feeder,  which  ia  supplying  current 
varying  from  time  to  time  at  a  distant  centre,  at  which  centra 
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ill*  (rr«Miirt  fuu  to  bo  mftiotatoad  ooostaot.    Such  ■ 
m«ni  of  intmiarmau  m  ihown  in  Fig.  53.     One  ol  tlie 
of  thin  MimMmHUm  roada  tbtu : — 

"  In  diitrilmiinK  alUnTuting  electric  cmreats  with  oonstaal 
or  nonrly  c^mjitAnti  rlifrcroocD  of  pf>tential  in  the  conductors^ 
thd  o^ffnhliiAtion  with  tho  Raid  cocditctora  of  induction  coils  or 
trtiimformorv,  tho  od«  bobbin  of  which  \m  inserted  into  the  m&ia 
ot^iiduotor  at  or  near  tb«  j)oint  where  a  bnuicb  current  ia  to  be^ 
derived  from  tbeMtno;  this  branch  current,  or  the  secondary 
current  Induued  by  It,  in  a  transformer,  passing  through  the 
Noooud  bobbin  of  the  induction  coil  in  tlie  same  direction  with 


m^m^ 


il4»g«  for  r.i|wnM»wili7-D^  TVwufaRDen  (1887). 


nftrvuM  lo  Um  bon  cor*  as  tho  nudn  oumnt  through  the  first 
coil  of  that  Mtno  ifMufonoMr."* 

U  will,  tli^roftiroi  \jm  mau  that^  oaHy  ni  1SS$,  Mnsn. 
Xtp«fuo««lgri  I'Mii  wd  Itt&tl^  h»A  vorlmi  oat  in  detul  a 
c«.uu|4tl«  i^l«Hi  of  olteirio  M|if^  Vy 
liandM  ^yrtMa.  V\iftlMr  Nfcrawo  viH  ba 
tbMO  a7«N«M  ot  disiribstlMii  of  altfvikstiog 

Itt  l«^t  tkf:r  t''*^  «tt«  UMllMr  |«lMm  No.  SSSy  m  v^ 
Hi^  liMN^U  h«nlMr  twyo^aiNaii  te  O*  owwtnimiiM  of 

MM  fiWi  Mk  irMi  coiA  cwifowA  ot  «lMifflifioC 
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TariouB  stapes,  built  together  ao  that  when  wound  with  & 
primary  and  secondary  coil  closed  magnetic  circuits  were 
produced.     In  some  cases  they  adopted  stampings  of  the  shape 


Ro.  65. — Shuttle -ahiiped  Cora  And  Ring  for  Zipemowiki-Dt-ri  Transformer 

(1837). 
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Fio.  66. — Zipunigwgli-Duri  Tnui«foraier  (1887)* 

shown  in  Fig.  54,  built  one  upon  the  other,  slits  being 
loft  for  the  introduction  of  the  wires,  or  piles  of  iron  stampings 
being  put  in  to  fill  up  the  gaps  in  the  open  ends  of  H-ahaped 
iron  stampings,  oyer  which  the  coils  were  wound.     In  other 
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oasee,  they  formed  reels  of  iron  tape  wound  up  with  tissue 
paper  between  the  ribbon,  and  if  a  wide  iron  core  bad  to  be 
used,  they  preferred  to  form  it  from  a  number  of  narrow 
ribbona  of  iron,  wound  up  together.  Another  form  deecribed 
by  them  in  this  Bpecificatlon  oouaisted  of  a  shuttle-shaped  iron 
core,  formed  out  of  a  pile  of  iron  stampings,  as  shown  in  Figs. 
&5  and  5G.  The  primary  and  secondary  coils  were  wound  on 
the  recess  in  the  shuttle-shaped  core,  and  the  maguetio  circuit 
completed  by  surrounding  the  coils  and  the  core  by  a  pile  of 
iron  ring  stampings,  the  whole  being  pressed  together.  In  this 
manner  the  divided  Iron  circuit  was  formed,  laminated  in  a 
direction  parallel  to  the  linee  of  magnetic  force.  They 
afterwards  again  adopted  a  kind  of  Gramme  ring  of 
construction  as  described  in  Chap.  II.,  but  latterly,  for 
greater  conTenience  of  manufacture  and  repair,  they  have 
returned  once  more  to  a  construction  which  consists  in  putting 
together  two  sets  of  E-abaped  stampings,  having  the  primary 
and  secondary  coils  wound  on  independent  bobbins  and  slipped 
ever  the  central  core.  The  two  seta  of  E-shaped  stampings  are 
kept  in  their  proper  position  relatively  to  one  another  by  means 
of  strong  round  backplates,  held  together  by  transverse  bolts. 

Further  specifications  of  Messrs.  Zipemowsky,  Ddri  and 
BUthy,  in  1887,  1888  and  1889,  chiefly  refer  to  the  construction 
of  alternating  current  dynamos  and  alternating  current  motors. 
The  numbers  of  these  British  specifications  are  No.  17,813  of 
1887,  No.  12.856  of  1888,  No.  12,858  of  1888,  and  No.  5.291 
of  1889;  the  three  last  refer  exclusively  to  improvements  in 
alternating  current  motors. 


§  34.  Rankin  Kennedy's  Improvements  in  Transformers. — 
Mr.  Rankin  Kennedy  has  taken  out,  since  1886,  numerous 
speciBcations  for  improvements  in  the  construction  and  applica- 
tion of  the  transformer.  One  of  his  earliest  specifications,  dated 
No.  12,531  of  1886,  describes  a  transformer  made  with  a  shuttle- 
shaped  iron  core,  very  similar  in  construction,  but  anticipating 
in  date,  one  form  just  referred  to  as  designed  by  Zipemowsky^ 
D^i  and  BUthy.  Mr.  Rankin  Kennedy  constructed  his  shuttle- 
shaped  iron  core  out  of  a  pile  of  iron  stampings,  insulated  from 
one  another  and  pressed  together,  over  which  were  wound 
the    primary    and    secondary    circuits    {$ee  Fig.    57).      The 
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Fifk  57.^IUnkiD  KenDcdy's  Shuttle  TnnifonQer(l886). 
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Fic.  56.— Rankin  KennedT^  Step-tip  TnuuforiDer. 
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magnetic  circuit  was  completed  by  winding  iron  wires  over  the- 
shuttle-shaped  Iron  coil,  the  direction  of  such  windings  being, 
perpendicular  to  the  axis  of  the  core. 


Fia.  59. — R&nkiu  Kennedy's  Pacinutti  Ring  Tnuufonner  (1886)^ 


Fio.  60.— BaiUEin  Eeonedy's  Pacinotti  Ring  Tmuformer  (1886). 


In  1886,  Mr.  Rankin  Kennedy  took  out  a  British  patent 
(No.  15,545)  for  a  system  of  distribution,  in  which  the  alternating 
current  was  generated  at  a  low  pressure  by  means  of  alternating 
dynamos ;  the  pressure  was  then  to  be  raised  by  means  of  a 
group  of  station  transformers,  and  a  high  pressure  secondary 
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onrent  conducted  to  the  locality  at  which  thtij.wcre  to  be  naad, 
and  the  pressure  again  reduced  by  means  of  local  ^mnsformera 
(tee  Fig.  5S).  We  have  already  seen  that  Marce>  -D«apres  had 
employed  inducdon  ooHs  both  to  raise  and  to  lower  tfae-preesore 
of  the  current  which  is  transmitted  at  a  high  preesare,  in  a 
Amilar  manner,  before  this  date. 

In  1886,  Mr.   Kankin   Kennedy  patented  other  forms  <of 
tmiiiormers  (Na  16,201  of  1886),  in  which  cloeed  iron  ciitaiu 
employed,  sach  circuits  being  wound  orer  with  primary  - 
md  ■eoondary  circuits.      In  one  form,  the  nomber  of  ring* 


Fig.  6l.^Bukzn  Kennedy'i  Three-wire  Sy5t«n,  with  Step-up 
Trtnslt/naen, 

flhapcd  iron  stampings  having  teeth  upon  them  were  piled 
together,  so  as  to  form  a  Pacinotti  armatnre  ring;  in  the 
intervals  between  these  teeth  the  coils  were  wound,  the  whole 
being  wound  over  with  iron  wire,  so  as  to  close  the  several 
magnetic  circuits  (see  Figs.  59  and  60).  The  claim  made  for 
these  improvements  in  transformers  was  that  they  bestowed  upon 
the  transformer  a  large  coefficient  of  self-induction  when  on 
open  circuit ;  in  other  words,  they  were  improvements  directed 
towarxls  the  construction  of  inductiun  coils  in  which  mag- 
netising currents,  when  the  transformer  was  on  open  secondary 
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circuit,  ahoifl^-.De   very  small,  or  in  which,  as  the  patentee 
expressed  •It/.thc  solf-inducuon  should  be  the  maximum,  and 
should  rius-Ziiacful   and   offeotivo   in   rendering  the  secondary 
generjLCfu;  &o  constructed  aelf-regulating. 
•Jn  \BB6,   Mr.  Rankin   Kennedy   patented  (No.   16,326  of 


Fio.  62. — Rankia  Kounody'i  Three-wire  Altoniato  Current  Syatem. 

1886)  a  system  of  three-wiro  distribution,  by  means  of  trans- 
formers, in  which  alternating  dynamos  supply  the  power  to 
transformors  operating  a  three-wire  systom  (Eft  Fig.  61).  He 
also  included  an  arrangement  in  which  high  pressure  alter- 


Flo.  63. — Rnnkin  KenntHly'a  Tr»usfonaer  (1887)i 

nating  curreut  dynamos  were  worked  directly  on  a  three-wire 
system  of  circuits  (»fe  Fig.  62). 

In  1837,  the  same  patentee  filed  a  specification  (No.  3,658), 
in  which  other  forma  (^c  Fig.  63)  of  trausformera  are  de- 
scribed,  characterised  by  arrangements  which   tfxe  patentee 
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considered  would  reduce  the  energy  lo&sefi  owing  to  the  mag- 
netisation and  demagnetisation  of  iron.  This  be  proposed  to 
do  by  means  of  a  continuous  constant  current  passing  through 
a  third  coil  ou  the  transformer,  the  object  of  which  was  to  main- 
tain permanent  magnetisation  in  the  iron  core.  Apart,  howeTor, 
from  thfl  energy  which  would  be  dissipated  by  this  constant 
current,  the  device  would  not  achieve  that  which  the  inventor 
no  doubt  supposed  it  would,  of  entirely  annulling  the  energy 
I068C8  due  to  the  hysteresis  of  the  iron ;  for  the  creation  of  a 
secondary  current  all  depends  essentially  on  a  change  of 
induction  in  the  core,  and  this  chaitge  of  induction  involves 
loss  by  hysteresis,  whether  that  change  be  a  reversal  of  mag- 
netisation, or  only  an  increase  and  a  decrease. 


§  35.  Mr.  S.  Z.  de  Terranti's  Improvements  in  Transformers. 
^In  December,  1885,  at  the  close  of  the  year  in  which  the 
pArallel  working  of  closed  magnetic  circuit  transformers  had 
been  erhibited  in  London,  Mr.  Ferranti  filed  a  specihoation  for 
"  Improvements  in  Electrical  Converters "  (No.  15,141  of 
1885),  in  which  he  described  modes  of  constructing  the  trans- 
former, which  were  a  considerable  improvement  on  existing 
forms.  He  employed  an  iron  core,  made  up  of  narrow  strips 
of  iron  about  lin.  wide,  and  ij^iu.  thick,  covered  with  paper 
on  one  side.  A  bundle  of  such  strips  is  taken  and  taped 
together  by  shellac  varnished  tape  in  the  middle  of  its  length. 
Over  the  central  portion  of  this  bundle  is  then  placed  a  coil  or 
coils  of  thick  insulated  copper  tape  wire  or  band,  which  forma 
the  low  pressure  circuit,  and  over  these,  and  carefully  insulated 
from  them,  another  series  of  highly-insulated  coils  which  form 
the  high-pressure  circuit.  The  extended  portions  of  the  iron 
strips  or  bands  are  then  beut  back,  half  of  the  strips  in  one 
direction  and  half  in  the  other,  and  folded  over,  so  that  when 
pressed  together  each  strip  forms  a  closed  loop  interlinked  with 
all  the  primary  and  secondary  coils,  as  shown  in  Figs.  64  and  G5. 
The  iron  bands  are  pressed  together  and  kept  in  place  by  a  case 
iron  frame  of  suitable  fonn.  This  construction  of  induction 
coil  will  be  seen  to  be  similar  to  that  of  Varley  in  its  general 
nature.  Further  details  will  be  given  of  these  transformera  in 
the  special  description  of  the  Ferranti  srstem  in  the  following 
chapter. 
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Two  days  after  the  filing  of  the  specificatiou  for  these  trans- 
formens,  Mr.  Ferranti  took  out  another  British  patent  (Na 


Fic.  61. — FerrauU  Trs.iiafuruier. 


Flo.  66.— Seotiun  of  Ferrftnti  Traoafonner. 

15/251  of  11th  December,  1885),  exceedingly  comprehensive  ' 
in  the  variety  and  extent  of  its  claims,  but  which  was  broadly 


nrorcnoN  con.  and  trakbpormbr. 

intended  to  cover  a  complete  system  of  transformer  distri- 
bution. This  eyatom  is  that  which  is  now  generally  called 
the  sub-centre  system.  Instead  of  employing  a  single  trana- 
former  to  supply  current  for  each  small  group  of  lamps  or 
motors  on  the  premises  of  each  consumer,  the  proposal  ia  made 
to  supply  a  system  of  mains  laid  on  the  parallel  system  with 
current  from  the  secondary  circuits  of  a  number  of  trans- 
formers grouped  in  one  convenient  place.  The  primary  coils 
of  these  transformers  are  connected  in  parallel  between  a  pair 
of  high  pressure  primary  circuits.  This  arrangement  con- 
stitutes a  "sub-centre."  By  means  of  automatic  switches  the 
transformers  are  to  be  switched  on  or  olf  the  high  pressure 
and  low  pressure  oirouits  as  the  demand  for  current  varies. 
Further  reference  will  be  made  to  this  system  of  working,  but 
it  will  be  seen  that  the  patentee  had  realized  at  this  date 
clearly  the  serious  loss  of  efficiency  of  distribution  which 
results  from  supplying  distributed  transformers  all  the  twenty- 
four  hours  witli  current,  which  passes  through  the  primary 
circuits  even  when  the  secondary  circuits  are  open»  in  virtue  of 
the  fact  that  the  primary  circuit  impedance  cannot  bo  made 
infinitely  great.  In  common  parlance  there  is  the  all-day  loss 
of  magnetising  current.  The  only  way  to  eliminate  this  loss 
is  to  disconnect  the  transformers  when  they  are  not  furnishing 
Bccondaiy  current. 

The  same  specification  includes  devices  for  constructing 
concentric  conductors,  consisting  of  two  copper  tubes  one  inside 
the  other  ;  also  for  automatic  devices  for  indicating  *'  earth  " 
on  either  conductor.  There  are  10  claims  in  all  to  this  speci- 
fication. The  special  claim  to  the  system  of  sub-centre  working 
is  the  first,  and  reads  thus:  —  "The  improved  means  for 
distributing  electric  energy,  consisting  in  providing  high  tension 
mains  and  low  tension  mains,  and  causing  each  low  tension 
main  to  be  fed  from  the  high  tension  main,  through  one  or 
more  converters,  which  are  connected  and  disconnected  as 
required." 


§  36.  The  Modem   Transformer  since   1885. — Since   1885 

very  considerable  improvements  have  been  made  in  the  design 
of  the  transformer  and  ita  construction.  Those  improvements 
have  been  in  the  direction  of  so  modifying  the  induction  coil 
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fts  to  make  it  available  as  a  means  of  reducing  or  raising 
electromotive  force  or  currents  in  any  constant  ratio  when  it  is 
employed  with  alternating  currents.  Transformers  are  called 
constant  pottmiial  Irans/ormert  when  intended  to  raise  or 
reduce  electric  pressure  in  any  given  constant  ratio.  They 
are  called  constant  eurrfnt  trans/armert  when  intended  to  re- 
duce current  strength  in  any  given  constant  ratio.  The  first 
is  far  more  widely  used  tliaii  the  second.  With  respect  to  the 
first-named  form,  wo  may  say  that  an  ideal  constant  potential 
trauaformer  would  be  one  which  complied  with  the  following 
conditions : — 

1.  That  when  the  primary  circuit  has  its  terminals  connected 
to  primary  mains  between  which  exists  a  constant  difference  of 
potential,  it  should  exhibit  always  a  constant  difference  of 
potential  between  its  secondary  terminals,  independent  of  the 
secondary  load,  and  greater  or  less  than  that  between  the 
primary  mains  iu  a  determined  constant  ratio  called  the 
change-ratio  of  the  transformer.  In  the  one  case  the  trans- 
former is  called  a  $tep-fip  transformer,  and  id  the  other  case 
a  step-down  transformer. 

2.  There  ehoutd  be  no  waste  of  energy  other  than  that  due 
to  the  resistance  of  the  conductors  or  circuits. 

3.  There  should  bo  perfect  and  permanent  insulation  between 
the  primary  and  secondary  coils  and  between  both  coils  and 
the  iron  core. 

4.  There  should  be  no  sensible  electrostatic  capacity  between 
the  primary  and  secondary  coils. 

5.  When  the  transformer  has  its  secondary  circuit  open,  no 
sensible  current  should  flow  throuj^U  the  primary  circuit  from 
the  primary  mains, 

6.  The  loss  of  energy  in  transformation  should  be  as  small 
as  possible  at  all  loads. 

No  actual  transformer  complies  with  these  requirements  In 
full.  Actual  constant  potential  transformers  are  more  or  less 
defective  in  having  (i.)  A  variable  change-ratio,  (ii.)  Energy 
losses  in  the  iron  core,  (iii.)  Greater  or  less  imperfection  of  in- 
sulation, (iv.)  Sensible  electrostatic  capacity,  (v.)  Current  flow- 
ing through  the  primary  circuit  and  energy  losses  in  the  core 
when  the  secondary'  circuit  is  open,  and  (vi.)  Diminished,  and 
often  greatly  diminished,  efficiency  of  energy  tran&formatioB 
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when  the  aecondary  current  ia  diminished  by  reason  of  increase- 
of  external  secondary  resistance. 

The  causes  of  these  defects  may  be  briefly  enumerated  as 
follows : — 

The  change-ratio  of  many  forms  of  transformer  is  depen- 
dent on  the  electros  tilt  ic  capacity  of  the  secondary  circuit,  and 
is  affected  either  in  the  way  of  increase  or  decrease  by  altera- 
tion of  that  capacity.  This  will  be  more  fully  discuased  in  a 
later  section.  The  change-ratio  of  the  transformer  ia  affected 
by  the  changing  load  on  the  secondary.  This  ia  due  to  one  or 
both  of  two  causes  :  either  to  magnetic  leakage,  or  to  that 
combined  with  the  potential  drop  due  to  the  resistance  of  the 

fiecond^ry. 
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Via.  66. — DiAgTun  illastratiiig  Mft|;netic  Leakftge  in  a  Tnn&fonner. 


secondary  coil  of  the  transformer.  The  lines  of  magnetic  force, 
or,  more  correctly,  of  induction,  which  are  generated  by  the 
primary  current  flow  round  in  the  iron  circuit.  The  opposing 
current  generated  in  the  secondary  circuit,  being  in  almost 
complete  opposition  to  the  primary  current  in  phase,  creates 
an  opposing  magnetising  force  acting  on  the  core.  If  we 
imagine  the  primary  and  secondary  circuits  to  be  wound 
separately  and  on  opposite  sides  of  a  ring  core  (see  Fig.  66),  it 
is  not  diflBcult  to  see  that  the  result  of  alternating  currents, 
nearly  opposed  as  they  are  in  phase,  flowing  in  the  two 
circuits,  is  to  partly  neutralise  the  induction  in  the  core  in  the 
part  enclosed  by  the  secondary  coil,  and  to  strengthen  it  in 
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the  air-fipaoe  in  the  interior  of  the  core.  Putting  it  in 
another  way,  we  may  say  that  every  line  of  induction  gener- 
ated by  the  primary  current  docs  not  link  itself  with  the 
secondary  circuity  but  some  lines  are  refused  admission  to  the 
secondary  circuit  and  leak  across  from  side  to  side  of  the 
core.  These  lines  are  lost  as  far  as  creating  electromotive 
force  in  the  secondary  circuit  is  coucerned,  and  are  called  the 
waste  magnetic  field.  This  wa8t«  field  is  greater,  the  greater 
the  secondary  current.  Hence  it  follows  that  between  full 
seooudary  load  and  no  load  there  is  a  fall  in  secondary  electro- 
mutive  force,  called  the  "drop  due  to  waste  fiold/*  always 
Assuming  a  constant  primary  electromotive  force.  This  drop 
due  to  magnetic  leakage  can  be  reduced  to  a  small  amount  by 
winding  the  secondary  coils  closely  up  amongst,  and  sandwiched 
with,  the  primary  coils ;  and  in  all  woU-dcaignod  transformers 
this  " drop  due  to  leakage"  should  be  kept  within  2  per  cent, 
■of  the  full  load  potential  difference  of  the  secondary  terminals. 
In  addition  to  this,  we  have  another  action  at  work  to  diminish 
the  potential  difference  between  the  secondary  terminals,  and 
that  which  is  due  to  the  resistance  of  the  secondary  circuit,  or 
to  the  internal  secondary  resistance.  This  acts  to  reduce  the 
potential  difference  between  the  secondary  terminals  as  the 
external  secondary  circuit  resistance  decreases,  or  in  proportion 
as  lamps  or  load  ia  put  on  when  those  lamps  are  arranged  in 
multiple  arc  on  the  secondary  circuit.  This  fall  in  potential  differ- 
ence is  called  the  ''  drop  due  to  resistance,"  and  hence,  as  the 
secondary  circuit  of  a  constant  potential  transformer  is  loaded 
up  with  lamps  in  parallel,  there  is  a  diminution  in  the  potential 
difference  of  the  secondary  terminals,  partly  due  to  drop  due 
to  leakage,  and  partly  duo  to  drop  duo  to  resistance,  and, 
in  properly  designed  transformers,  this  total  drop  should 
certainly  not  exceed  3  or  4  per  cent,  of  the  full  load  difference 
of  potential  between  the  secondary  terminals. 

It  is  never  possible  to  quite  annul  all  drop  in  individual 
transformers,  but,  by  attention  to  design,  the  leakage  drop  can 
be  made  very  small,  and,  by  reducing  the  internal  resistance 
of  the  secondary  circuit,  or  by  making  the  resistance  of  the 
secondary  circuit  small,  the  drop  due  to  resistance  can  be  kept 
within  the  necessary  limits.  In  the  neit  place,  modem  trans- 
ionnon  are  designed  with  the  object  of  making  the  energy 
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losns  in  the  tninsformer  as  smAU  as  possible.  These  energy 
losses  are  partly  dae  to  disaipatioQ  of  energy  in  the  copper 
cotis,  called  the  €oppcr  loBtet,  or  C*  R  losses,  and  partly  due  to 
losses  in  the  iron  due  to  ma^etic  hysteresis  and  eddy  currentSy 
and  called  the  iron  louft. 

The  eddy  current  losses  may  be  kept  small  by  a  proper 
lamination  of  the  iron,  and  by  interposing  thin  paper,  oxide 
p*mt,  or  some  equiyalent  insulation,  between  the  thin  stripe  or 
platas  of  iron.  It  does  not  appear,  however,  that  this  loss  can 
be  quite  annulled  by  any  amount  of  lamination.  The  hysteresis 
losses  cannot  be  abolished  by  any  degree  of  sub-dirision  of  the 
iron,  but  are  inherent  in  the  use  of  iron  itself  as  a  core.  These 
magnetic  hysteresis  losses  are  the  principal  source  of  the  in- 
efficiency of  transformers  at  low  loads,  or  when  no  secondary 
eotrent  is  being  taken  out  of  the  transformer.  One  of  the 
chief  directions  which  research  should  take  is  to  discover  some 
means  by  which  these  hysteresis  losses  in  the  iron  can  be 
reduced  to  a  negligible  quantity,  whilst  still  retaining  the  use 
of  an  iron  core  on  account  of  its  quality  as  a  superior  oon- 
ductor  for  lines  of  magnetic  force.  This  matter  will  be  dealt 
with  more  fully  in  a  later  chapter.  The  next  element  of  im- 
perfection is  the  failure  of  insulation  between  the  high  and  low 
pfOBsare  coiU.  The  Tarious  methods  of  insulation  in  use  are 
deaeribed  in  connection  with  the  various  forms  of  transformers 
lis othar  sections;  but,  generally,  wc  may  say  that  the  insulation 
mod  npwation  of  the  high  and  low  preasore  coils  is  effected  by 
the  employment  of  such  materials  as  shellaced  cloth,  asbestos, 
xnicA,  ebonite,  india-rubber,  vulcanised  fibre,  porceliun,  or  prefer- 
ably by  means  of  fluid  dielectrics,  such  as  resin  oil  or  heavy 
insulating  oils  of  various  characters.  One  cause  of  rupture  of 
the  insulation  is  an  electric  spark  or  arc  between  some  point  on 
the  high  pressure  primary  coil  and  the  low  pressure  coil,  or 
between  the  high  pressure  coil  and  the  iron  core.  In  the  ease 
of  very  high  preasure  currents  a  sort  of  glow  discharge  may 
first  be  formed,  which  afterwards  breaks  into  an  arc  at  one  point. 
Also  ccnls,  either  on  the  high  or  low  pressure  side,  may  become 
short  circuited,  and  thus  form  electric  arcs  or  short-circuits, 
dcatioying  the  insulation.  Even  if  an  internal  arc  is  not 
lOBned,  the  short-circuiting  of  coils  will  give  rise  to  internal 
heat,  perhaps  carbonising  the  insnl&tion  and  bringing  about 
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n  failure  of  the  transformer.  Attention  has  been  paid  again, 
recently,  to  the  question  of  insulating  by  meouii  of  fluid 
insulators,  as  originally  carried  out  and  suggested  by  Jean 
and  Poggendorff.  The  advantages  which  a  fluid  insulator  is 
eupposed  to  possess  ore,  that  when  the  transformer  is  wholly 
immersed  in  it  all  air  and  moisture  are  excluded,  the  formation 
even  at  very  high  pressures  of  glow  discharges  is  greatly  pre- 
vented, and,  even  if  a  spark  does  pass,  unless  the  oil  is  decom- 
posed so  as  to  form  a  conducting  bridge  of  carbon,  the  insulation 
will  generally  be  restored  again  on  the  cessation  of  the  spark. 
Oil  insulation  was  for  many  years  advocated  by  the  late  Mr. 
David  Brooks,  and  has  been  employed  for  transformer  insula- 
tion by  Messrs  Johnson  and  Phillips,  in  England  ;  Mr.  Brown,  of 
Oerlikon,  in  Switzerland;  and  the  Thomson- Houston  Company, 
in  America,  When  oil  ia  used  the  transformer  must  be  enclosed 
in  an  iron  or  Btoncware  case,  and,  after  this  is  very  carefully 
dried  and  baked,  the  oil  is  poured  in  hot  so  as  to  exclude  all 
air  bubbles  and  moisture.  The  particular  quality  of  oil  em- 
ployed has  to  be  the  subject  of  examination  and  test.  The  oil 
must  be  altogether  free  from  water  or  acid,  and  should  be 
heavier  than  water  and  as  little  inflammable  as  possible.  Heavy 
resin  oil  meets  these  requirements  when  properly  prepared. 
Generally  speaking,  air-spaces  should  not  be  relied  upK)a  for 
insulation.  Air,  although  in  one  sense  a  very  perfect  dieleotric, 
is  yet  a  treacherous  one.  When  two  conducting  surfaces  are 
at  diflfcront  potentials,  say,  of  some  hundreds  of  volts,  and 
insulated  by  air,  a  very  great  tendency  exists  for  the  dark 
discharge  or  glow  diachargc  which  ia  formed  between  these 
flurCaces  to  pass  into  an  arc.  An  exceedingly  small  electric 
spark  passed  between  such  surfaces  will  determine  the  formation 
of  an  electric  arc,  and  under  considerable  alternating  pressures 
the  formation  of  an  arc  appears  to  be  promoted  by  the  smallest 
opportunity  for  surface  conductivity  of  the  dielectric,  such  as 
that  afforded  by  the  deteriorated  surface  of  ebonite  under  the 
action  of  air  and  light.  Fibrous  materials,  such  as  cottou  or 
linen,  saturated  with  shellac  varnish,  are  very  hygroscopic,  and 
although  when  freshly  prepared  may  insulate  well,  yet  are  very 
liable  to  deterioration  with  age  and  exposure  to  air.  The  avail- 
able insulating  materials  are  not  numerous,  and,  in  addition, 
their  mechanical  qualities  are  not  very  good.     Probably  the 


^ 


INDUCTION   GOrL  AND   TRA5SP0R1IBS. 


Ill 


tnsalation  of  the  future  will  be  found  in  some  liquid  or 
combination  of  liquids  highly  inBuIatin^;,  not  decomposabio  by 
heat  or  a  small  sparky  and  applied  so  as  to  assist  in  getting  rid 
of  the  heat  generated  in  the  transformer  coils  and  core. 

Sensible  electrostatic  capacity  is  a  quality  of  a  transformer 
which  is  disadvantageous.  Gonsidoriug  that  a  transformer  con- 
sists  of  two  metallic  conductors  separated  from  each  other  by 
a  dielectric,  whilst  yet  in  close  contiguity,  it  is  obvious  that 
such  an  arrangement  must  form  a  condenser,  and  will  have 
some  sensible  electrical  capacity.  The  approximate  electrostatic 
capacity  of  a  transformer  between  the  primary  and  secondary 
coils  is  easily  measured  by  insulating  the  transformer  on  blocks 
of  paraffin  wax  and  then  taking  a  wire  from  one  end  of  the 
primary  coil  and  from  one  end  of  the  secondary  coil,  the  other 
ends  being  well  insulated,  and  determining  the  capacity  existing 
between  these  conductors,  in  the  usual  manner,  by  means  of 
a  ballistic  galvanometer,  battery,  key,  and  stitndard  condenser. 
Employing  a  standard  one-third  of  a  microfarad  condenser,  the 
author  determined  the  capacity  of  a  series  of  transformers  of 
2'5,  5,  10,  15,  20,  and  100  horse-power,  of  a  kind  much  used, 
and  found  the  following  values  in  fractions  of  a  microfarad  : — 


Trana  former  Tee  ted. 

Elei^trutatie  Cftpnoity  in  Microfanulfl. 

2-5  H.P. 

5 

10        „ 

15       „ 

20        „ 

100        „ 

•0039  to  '003 
•0043  „  -0034 
•OOOT  „  -0085 
'023b  „   03 
•033    „  '03 
•0026 

Henoe  the  capacity  varied  from  -^^th  to  ^jTjth  of  a  microfarad. 
These  numbers  will  give  an  idea  of  the  magnitude  of  capacity 
found,  but  of  course  every  different  construction  of  transformer 
will  hare  a  different  value  in  this  respect. 

In  September,  1885,  Dr.  J.  Hopkinson  called  attention*  to 
the  danger  which  may  arise  from  the  employment  of  trans- 
formers of  high  electrostatic  capacity.  The  primary  circuit  is 
raised,  either  as  a  whole  or  in  part,  to  a  high  potential  which 
alternates  from  piuB  to  minus  rapidly.     If  the  transformer  is 

*  Phil.  Mag.,  September,  1885,  p.  292. 
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being  worked  with  its  primary  coil  in  series  with  others  on  a  high 
tension  scries  circuit,  then  the  primary  coil,  as  a  whole,  is  raised 
and  lowered  in  potential  at  each  alternation.  The  electrostatic 
induction  between  the  primary  and  secondary  coils  then  causes 
the  secondary  coit  and  circuit,  if  insulated,  to  be  similarly 
rwsed  and  lowered,  and  anyone  touching  the  secondary  circuit 
would,  if  standing  on  the  ground,  be  traversed  by  a  current 
and  receive  a  shock,  which  would  be  proportional  in  magnitude 
to  the  capacity  of  the  transformer,  the  frequency  of  the  current, 
and  to  the  potential  of  the  primary  circuit  at  that  point.  This 
condenser  current  would  be,  therefore,  a  current  of  high  poten 
tial,  and  it  might  amount  to  a  quantity  sufficient  to  severely 
injure  or  kill  the  person  touching  the  secondary  circuit.  la- 
formation  is  wanting  to  show  what  current  is  in  any  particular 
dangerous,  but  it  is  improbable  that  any  person  oould 
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receive  even  one  third  or  one-half  of  an  ampere  through  vital 
organs  without  its  causing  fatal  conscqueuces. 

If  the  trausformer  is  arranged  with  others  on  a  constant 
potential  circuit,  and  if  we  assume,  in  the  first  instance,  that 
both  primary  and  secondary  circuits  are  insulated,  theu  a  diSer- 
ent  state  of  things  exists.  Each  terminal  of  tho  primary  circuit 
is  alteniatcly  raised  and  lowered  in  pressure,  and  we  can  repre- 
sent tho  state  of  each  point  on  the  primary  circuit  as  regards 
potential  by  representing  it  as  the  ordinate  of  a  straight  line 
which  rocks  about  its  centre  («m  Fig.  67).  The  rise  and  fall  of 
each  extremity  of  the  rocking  line  above  or  below  the  horizontal 
datum  line  represents  the  rise  and  fall  in  pressure  at  each  end 
of  the  primary  circuit.  If,  then,  the  secondary  circuit  is  en- 
tirely insulated,  the  potential  of  this  circuit,  aa  a  whole,  will  not 
be  raised  or  lowered,  because  one  end  of  the  primary  is  at  any 
instant  as  much  above  the  earth's  poteutial  as  the  other  is 
below  it,  and  accordingly  the  secondary  circuit  will  not  be 
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,nu«d  or  lowered  wbea  taken  altogether.  Imagine,  however, 
that  one  end  of  the  primary  circuit  is  put  to  earth  and  kept 
at  zero  potential,  then  the  state  of  various  points  of  the  primary 
OS  regards  potential  may  be  represented  by  the  ordinates  of  a 
line  which  rocks  about  one  end  (see  Fig.  68).  In  this  case  the 
amplitude  of  motion  of  the  extremity  of  the  line  is  just  double 
that  of  the  extremity  of  the  line  rocking  about  its  centre  for 
equal  angular  displacements,  showing  that  when  one  end  of  the 
primary  is  "earthed"  the  mean  potential  of  the  free  end  ia 
double  that  which  it  would  be  if  both  ends  were  insulated. 
Under  the  circumstancea  the  secondary  circuit  would  receive  a 
condenser  charge,  and  anyone  touching  the  secondary  circuit, 
and  at  the  same  time  making  a  "  good  earth,"  would  receive  a 
discharge  current  of  high  potential.     This  condenser  discharge 
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could  be  drawn  off  harmlessly  by  "  earthing "  one  end  of  the 
secondary  circuit,  vis.,  that  in  proximity  to  the  earthed  primary 
end.  The  arguments  2^0  and  am.  for  these  "earthing"  and 
fully  insulated  systems  will  be  discussed  under  the  head  of 
*'  Transformer  Systems  "  in  the  third  chapter. 

The  next  matter  in  which  the  actual  transformer  falls  short 
of  the  ideal  is  in  insufficiency  of  the  primary  circuit  self- 
induction  on  open  secondary  circuit.  This  causes  a  very 
sensible  current  to  flow  through  the  primary,  even  when  the 
secondary  circuit  is  open.  This  current  is  commonly  spoken 
of  as  the  "  magnetising  current "  of  the  transformer.  The 
only  way  in  which  the  magnetising  current  can  be  kept  small, 
without  undue  increase  in  the  resistance  of  primary  circuit, 
is  by  increasing  the  self-induction  of  that  circuit,  or  by  in- 
creasing the  frequency  of  the  alternations.    There  are  practical 
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reasons  afi^inst  increasing  the  frequency  beyond  a  certain 
limit,  and  there  are  difficulties  of  construction  in  increasing 
the  self-induction  over  and  above  a  certaia  point.  On  this 
point  more  will  be  said  presently.  Meanwhile  we  may  say 
that  a  due  attention  to  the  arrangement  of  the  iron  core 
and  the  primary  winding,  combined  with  the  selection  of 
a  suitable  frequency  at  which  to  work,  enables  a  constructor 
to  devise  a  form  of  transformer  which,  for  closed  magnetio 
circuit  transformers  at  least,  is  characterised  by  having  mag- 
netising current  not  exceeding  three  or  four  per  cent,  of 
the  full  load  primary  current. 

Lastly,  actual  transformers  in  use  are  more  or  less  imperfect 
transformers  of  energy  when  employed  at  less  than  full  load. 
Very  approximately  the  matter  may  be  put  iu  the  following 
way : — The  total  losses  of  energy  in  a  transformer  are  made 
up  of  the  losses  in  the  copper  circuits,  primary  and  secondary, 
a[id  tlio  losses  iu  the  irou  core.  There  is  very  good  reason  to 
believe  that  the  irou  losses  are  less  at  full  load  than  at  no 
load,  whilst  of  course  the  copper  losses  ore  greater.  Supposing^ 
as  a  first  rough  approximation,  that  we  take  the  total  loeaea 
in  the  transformer  to  be  a  oonstant  quantity  at  all  loads,  the 
diminution  in  iron  losses  being  compensate!  by  increase  in 
the  copper  losses,  then  the  efficiency  of  transformation  is 
the  ratio  of  the  electrical  power  delivered  to  the  external 
secondary  circuit  to  the  electrical  power  delivered  to  the 
primary  circuit.  Accordingly  the  efficiency  of  transformation 
must  be  less  at  low  loads  than  at  full  load,  because  the 
constant  loss  becomes  a  larger  and  larger  fraction  of  the 
total  power  supplied,  as  that  total  power  itself  is  diminished. 
Hence,  arises  a  decrease  of  efficiency  as  the  secondary  load 
decreases. 

This  is  represented  generally  by  an  efficiency  curve  in  which 
the  horizontal  distances  represent  the  load  in  watts  on  the 
external  seGondajy  circuit,  and  the  vertical  ordinates  represent 
the  percentage  of  the  electrical  power  supplied  to  the  primary 
circuit  which  appears  in  the  external  secondary  circuit  (sM 
Fig.  10,  Chap.  II.).  If  transformers  were  always  used  at  their 
maximum  efficiency,  then  the  practical  efficiency  of  the  device 
as  an  energy-transforming  apparatus  would  be  perfectly  fixed 
by  this  one  figure.     This,  however,  is  not  the  case.     In  one 
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VDode  oC  aletUkd  diatribation  by  tmxisformen,  caDed  the  *'di»> 
tribated  tnosformer"  syvtem,  each  erxBtomer  or  user  is  sapptied 
vich  current  for  use  for  lighting  parpons  in  hit  ovn  pre- 
from  a  tranafunMr  which  sapplies  his  own  tight  alona. 
ruder  these  ciicmuaUacee,  not  only  is  it  usnal  to  pnt  ^lim  in 
ft  nther  larger  size  of  transfonner  than  his  aTetage  reqnire^ 
menti,  to  meet  his  waata  on  eteeptioiial  occaaiooa,  but  he  takes 
from,  that  transfonner  his  maxsmm  ciuicut  onlj  lor  a  TSiy 
short  portion  of  the  twenty-four  boun.  Heooe  the  all-^of 
or  all-year  effideney  of  the  transformer  is  a  very  much 
■maDer  fraction  than  the  msjtimam  efficiency.  The  aU-ftar 
efficiency  of  a  transformer  is  defined  to  be  the  ratio  expressed 
Si  a  percentage  between  the  energy  given  out  by  the  tnus- 
former  to  the  seoondsjy  circuit,  which  is  what  ia  paid  for 
by  the  consumer,  and  the  total  energy  supplied  to  the 
transformer  from  the  primary  circuit.  The  ail-day  efficiency 
esD  be  calculated  from  the  efficiency  curve  and  &om  the 
dimiuU  load  diagram  of  that  transformer  in  the  manner 
diown  ia  §  4  of  the  next  chapter.  How  ftir  the  above-named 
defects  and  disabilities  of  the  transformer  are  overcome  will 
be  seen  in  the  detailed  description  of  the  transformers  as 
described  under  the  various  sTstems  in  use  in  following  sections. 


£37.  Open  and  Closed  Magnetic  Circuit  Transformers. 
Ue  "Hedgehog"  Transfonner. — In  the  development  of  the 
tsatisformer  for  the  particular  purpose  of  electric  lighting  by 
means  of  local  distributed  transformers,  it  is,  as  we  have  seen, 
of  importance  that  a  transformer  should  have  not  only  a  high 
maximum  efficiency  but  a  high  average  or  all-year  efficiency, 
sod  this  can  only  be  secured  by  a  relatively  high  efficiency  at 
low  secondary  loads.  Of  late  years,  controversy  has  arisen  as 
to  the  relative  merits  of  open  and  closed  magnetic  iron  circuits 
in  bestowing  a  high  mean  efficiency  upon  the  transformer.  Mr. 
J.  Swinburne  has  advocated  strongly  a  return  to  the  open- 
circuit  type  of  transformer  as  a  remedy  for  a  low  all-year 
efficiency.  He  has  devoted  himself  to  designing  a  form  of 
transformer,  for  which  he  claims  advantages  in  this  respect. 
This  transformer,  which  he  calls  a  "Hedgehog,"  is  made  with 
a  core  of  soft  iron  wires,  which  are  splayed  or  spread  out  at  the 
ends,  like  a  thistle  head.    The  object  of  this  is  to  reduce  the 
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magnetic  resiataDoe  of  the  magnetio  oirouit.  The  goneral  form 
of  this  transformer  is  shown  in  Fig.  69.  The  inventor  remarka 
that,  by  the  employment  of  an  open  iron  circuit,  he  makes  it 
obviously  possible  to  reduce  the  volume  of  the  iron  with  a 
given  induction.  The  mean  length  of  the  iron  part  of  the 
magnetio  circuit  being  less,  more  copper  turns  can  be  wound 
on  without  increasing  much  the  length  of  the  iron  part  of  the 
magnetic  circuit.  Hence  the  loss  in  the  iron  is  reduced,  but 
that  in  the  copper  ia  made  rather  greater.  The  loss  in  the 
iron  tells  most  against  the  efficiency  of  the  transformer  at  low 
loads.     The  construction  of  this  transformer  is  stated  to  be  as 


Pio.  69. — Swinbumft'a  "  Hedgehog  '*  TranRfanner. 


follows  : — ^A  gun-metal  casting  forms  the  backbone  of  the  trans- 
former. It  ia  cross-shape  in  section,  and  at  one  end  is  spread, 
out  to  form  fuur  legs.  It  also  supports  the  lower  flange,  or 
cheek,  of  the  winding.  The  four  spaces  have  bundles  of  soft 
iron  wire  put  in,  so  that  the  core  is  practically  cylindriual. 
The  crosa-sbaped  core  has  been  criticised  on  the  ground  that 
there  are  Foucault  currents  in  it.  The  least  consideration  will 
show  that  there  is  no  change  of  induction  in  it,  and  therefore 
no  Foucault  currents.  The  iron  wire  is  bound  tightly,  and  tho 
two  flanges  are  slipped  into  place.  A  gun-metal  ** spider"  ia 
then  screwed  to  the  top.  It  is  6nally  held  on  by  the  eye-bolt, 
but  temporarily  a  set  screw  is  used.  The  core  is  then  wound 
in  a  special  lathe  in  the  usual  way.  « 
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The  electrical  particulan  of  a  50  8-candIe-power  lamp  trana- 
former  are  aa  follows : — 

Core,  IS'Sin.  long,  3-5ui.  diameter.  In  taking  the  area  of 
the  core,  allowance  must  be  made  for  the  space  occupied  bj  the 
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T»»  71.— fiectioni  of  "  Hedgehog  "  Truuformer. 

backbone,  and  for  the  lo«8  of  room  in  using  round  wires, 
llaximum  induction,  4,800.  Loss  of  power  in  iron,  assuming 
it  to  be  of  good  quality,  13*5  watta.  Primary,  3,920  turns  of 
copper  wire,  0'042in.  diameter;   resistance,  37  ohms  (warm). 
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Seoondorj,  200  turns,  19/0-042in. ;  resiatance,  0*098  ohnu 
Loss  of  power  iu  primary  at  full  load,  due  to  the  tranaformed 
current,  21  watts;  loss  due  to  the  exciting  current — 0*3  ampere 
— which  is  always  on,  3*6  watts;  loss  in  secondary  at  full 
load,  22  watts.     Efl&ciency  at  full  load,  96*15. 

This  transformer  is  shown  to  scale  in  Figs.  70  and  71. 

It  is  admitted  that  an  open-circuit  transformer  of  this  kind 
has  a  magnetising  current  considerably  in  excess  of  that  of  a 
closed-circuit  transformer  of  equal  output.  In  the  practical 
use  of  many  transformers  on  a  distribution  system  this 
becomes  a  serious  matter,  invoWing  larger  conductors,  and 
lowering  the  "  plant  efficiency  "  of  the  system.  The  practical 
question  is  whether  the  gain  in  all-year  efficiency  is  worth 
such  additional  expenditure  in  primary  current  taken  on  open 
secondary  circuit,  or  in  magnetising  current.  At  present  the 
materials  for  settling  this  question  are  not  to  hand.  Argu- 
ments pro  and  con,  are  useless  in  such  a  case.  The  question 
at  issue  is  whether  such  an  open- circuit  transformer  has,  oa 
the  whole,  a  leas  total  dissipation  of  energy  in  itself  during  a 
year  of  use  than  a  transformer  of  the  closed-magnetic  circuit 
kind  of  equal  maximum  output  similarly  used.  This  question 
can  only  be  decided  by  a  careful  comparison  of  the  efficiency 
curves  of  two  such  similar  transformers,  and  this  has  not  yet 
been  done.  We  shall  discuss  in  a  later  chapter  some  further 
questions  arising  out  of  the  differences  between  the  perform- 
ance of  open  and  dosed  magnetic-circuit  transformers. 


CHAPTER  II 


I 
I 


THE  DISTRIBUTION  OF  ELECTRICAL  ENERGY  BY 
TRANSFORMERS. 

%  L  Transformer  Systems. — The  employment  of  the  alter- 
nate^urreiit  transformer  for  electric-current  distribution  baa 
changed  in  many  respects  the  practical  possibilities  of  the  supply 
of  electric  energy  for  lighting  purposes  in  large  towns  and  in 
districts  in  which  great  distance  comparatively  speaking, 
■epanite  the  centres  of  consumption  and  supply.  By  its  aid 
it  has  become  possible  to  deal  nnth  problems  in  olectrio  distribu- 
tion which  are  less  amenable,  or  perhaps,  commercially  speaking, 
unprofitable,  when  attacked  by  other  methods  ;  *  and  its  enor- 
mous extension  in  six  or  seven  years  in  Europe  and  in  America 
is  in  itself  evidence  of  the  utility  of  the  method.  In  examining 
the  results  as  a  whole  that  have  been  obtained  by  the  employ* 
ment  and  adaptation  of  the  transformer  for  this  purpose,  we 
shall  proceed  to  describe  the  principal  systems  at  xvork,  and 
the  details  of  the  installations  of  transformer  systems  in  typical 
places  in  which  it  has  established  itself  as  a  fit  solution  of  the 
practical  difficulties  which  there  presented  themselves  to  be 
overcome.  The  systems  now  occupying  positions  of  importance, 
and  on  the  lines  of  which,  in  different  places,  electric  distribu- 
tions of  var3ring  degrees  of  magnitude  are  being  carried  out, 
are  chiefly  those  connected  with  the  names  of  Ganz  and  Co.,  of 
Budapest,  operating  the  methods  of  Messrs.  Zipemowaky,  Deri, 

*  The  arguueDU  //ro  ftntl  eon.  la  the  case  of  alternate  traaaformera  and 
Mooodaiy  batteriea  forceatral  sUtiou  electric  lighting  need  uot  be  entered 
iato  bore  ;  but  we  refer  the  reader  to  Mr.  R.  E.  CromptoD's  excellent  Paper, 
mud  the  diacuaiioD  thereon,  in  the  Jourrud  of  the  Jmtitutitm  of  EUetrieal 
Snffineers,  Vol.  XVII.,  1888,  and  The  EUciridan^  VoL  XX.,  pp.  634,  656, 
694,  749.  and  VoL  XXI.,  pp.  88,  177. 
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and  BUthy;  the  WestiDghouse  Electric  Lighting  Company, 
and  the  Thomson-Houston  Electric  Lighting  Company,  in  the 
United  States,  operating  the  systems  elaborated  by  the  well- 
known  inventors  connected  with  them ;  in  England,  the  now 
familiar  systems  of  the  London  Electric  Supply  Corponr 
tiou  (Mr.  S.  Z.  de  Ferranti),  the  Brush  Electrical  Engineering 
Corporation  (Mr.  Mordey),  and  the  House-to-House  Electric 
Light   Supply  Company  (Messrs.    I/)wrie    and    Hall),      The 
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Fw.  L— Amngemeiit  of  Alternitore,  ExdUra,  and  Tmntfonae: 
Q&nz  SyBtem  of  Electrical  Distribution, 

Metropolitan  Electric  Supply  Company  of  London,  employing 
for  the  most  part  methods  and  machines  of  the  Westing- 
house  Electric  Light  Company,  aa  well  as  Elwell-Parker 
dynamos  and  transformers,  may  be  considered  as  a  connecting 
link  between  English  and  American  ideas.  This  list  by  no 
meana  exhausts  the  names  of  designers  or  manufacturers  of 
transformers,  or  of  its  necessary  adjunct,  the  alternating 
dynamo.  Apart  from  efforts  of  pioneers  we  have  excellent 
designs  for  these  separate  elements  connected  also  with  tho 
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luunes  of  Messrs.  Siemens,  Gramme,  Hopklnson,  Goolden,  Kapp, 
Wilde,  Snell,  Swinburne,  Sharp  and  Kent,  El  well-Parker, 
R.  Kennedy,  and  many  others ;  but  the  above-named  six  or 
•even  complete  systems  comprise  for  the  most  part  the  best 
known  apparatus  in  wide  use  for  the  distribution  of  electric 
energy  l>y  transformers ;  and  some  account  of  the  machines, 
appliances,  and  methods  in  use  by  each  respectively,  taking 
typical  examples,  will  now  be  given.  The  order  in  which  they 
will  be  mentioned  has,  however,  no  reference  to  their  historical 
•order  of  development,  nor  to  their  relative  importance. 

§  2.  System  of  Ganz  (Zlpemowsky,  Ddri  and  Blathy). — 
The  methods  of  transformer  distribution  which  have  been 
elaborated  and  put  into  execution  by  the  inventive  ability  of 
MesBTB.  C.  Zipemowsky,  M.  Deri  and  O.  T.  BUthy,  of  Budapest, 
have  enabled  the  great  firm  of  Ganz  and  Co.  to  establish  a 
special  electric  lighting  department  and  to  undertake  on  a  large 
acale  the  production  of  all  tliu  appliances  and  details  which  have 
been  worked  out  into  the  complete  system  which  bears  their 
name.  Nearly  seventy  central  stations  of  different  degrees  of 
magnitude  have  been  set  in  operation  by  them  up  to  the 
present  time  (1890),  in  which  electric  energy  is  distributed  to 
arc  and  incandescent  lamps  from  central  stations,  about  1,000 
Arcs  and  100,000  incandescents  in  all  being  supplied.  The 
elements  of  this  system  comprise  (i.)  An  alternating-current 
dynamo  machine ;  (ii.)  An  exciting  continuous-current  dynamo ; 
{iii.)  The  alternating  transformers ;  and  (iv,)  Special  regulat- 
ing devices,  which  have  for  their  object  the  maintenance  of  a 
oonstaut  pressure,  irrespective  of  consumption,  at  some  point 
or  points  in  the  distributing  system.  The  system  may  be 
described  as  aparallfl  system  in  ita  entirety,^tbat  is  to  say, 
the  exciting  dynamos  are  arranged  in  parallel  between  two  ex- 
citing mains,  the  field-magnets  of  the  altemating-dynamoe 
being  in  parallel  between  the  same  mains  (gee  Fig.  1).  The 
armatures  of  the  alternators  are  arranged  in  parallel  between  a 
pair  of  primary  mains,  working,  if  need  be,  in  step  with  each 
^her,  and  the  primary  coils  of  the  transformers  are  all  arranged 
in  parallel  between  the  same  primary  mains.  The  secondary 
circuits  of  the  transformers  are  arranged  in  parallel  with  the 
lamps   between   the    same   secondary   mains.      The  exciting 
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dynamos  are  shunt  dynamoa,  and  the  Beld-magnets  circuits  of 
these  dynamos  are  also  all  arranged  in  parallel,  and  take  currents 
olf  the  main  circuit  of  the  exciting  dynamos,  into  which  the 
armatures  of  the  exciters  are  as  well  all  joined  in  parallel. 
There  is  a  variable  resistance  interposed  in  the  circuit  of  all  the 
fields  of  these  exciters,  by  the  variation  of  which  the  strength 
of  the  exciter  field  can  be  varied,  and  hence  the  electromotive 
force  of  the  exciters.  The  field-magnet  circuits  of  the  alter- 
BAtors  being  all  joined  in  parallel  with  each  other  and  with  the 
armatures  of  the  exciters,  it  is  obvious  that  the  variation  of  this 
intercalated  resistance  can  bo  made  to  change  the  strength  of 
field  of  the  alternators  j  and  hence  the  electromotive  force  of 
these  machines  within  certain  limits.  The  transformer  circuits 
are  joined  iti  parallel  between  the  primary  and  secondary  mains. 
From  some  point  in  the  secondary  distribution  system,  which 
may  be  called  the  electrical  centre  of  the  network,  a  pair  of 
voltmeter  wires  can  be  brought  back  to  the  station;  and  by  an 
arrangement  presently  to  be  described,  the  regulating  resistance 
can  be  properly  varied  so  as  to  keep  the  electric  pressure  at  this 
electrical  centre  of  distribution  constant.  Voltmeter  wires, 
feeling  wires,  may  be  brought  back  to  the  station  from  more  th 
one  point,  and  the  pressure  at  any  one  of  these  points  regulai 
aa  the  demand  for  current  requires.  The  variation  of  oi 
resistance  controlling  the  field  of  the  exciters,  therefore,  is  a 
to  effect  the  regulation  of  the  electric  pressure  in  the  secondaiy 
circuits  over  large  areas  of  distribution. 


§  3.  Oanz  Alternator. — Proceeding,  then,  more  particularly 
to  describe  the  elements  of  the  system,  we  take  first  the  alter 
nator,  or  alternating  dynama  The  most  recent  typo  of  Oani 
machine,  called  chu  A  type,  is  an  alteniator  of  that  class  in 
which  the  fixed  or  stationary  electro-magnetic  portion  constt- 
tntoa  the  armature,  and  the  revolving  portion  the  field-magnet. 
In  Fig.  2  is  shown  a  perspective  view  of  the  altematori  and 
in  Fig.  3  face  and  end  elevations.  The  field-magnet  is  a- 
BtcUate  electro-magnet,  keyed  on  the  steel  shaft,  which  is 
the  driving  shaft  In  the  smaller  sizee  this  shaft  carries  the 
ttsoal  pulley  for  belt  or  ropes  keyed  on  outside  the  twa 
maasive  bearings  which  are  erected  upon  the  bed-plate.  A 
reference  to  Fig.  3  will  also  show  bow  this  stellate  magnet 
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is  constnicted.  A  number  of  V-ahaped  sheet-iron  Btampinga 
(Fig.  4,  a)  are  punched  out  and  built  up,  with  intorpoeod  laminte 
of  paper,  into  the  cores,  which  aro  bolted  in  between  two  iron 
httbe  or  rings  keyed  into  the  shaft.  These  cores  project  like 
the  stout  spokes  of  a  rimless  wheel,  and  over  them  are  slipped 
the  magnet  bobbins  wound  on  split  zinc  frames.  The  bobbina 
are  kept  in  position  on  the  cores  by  a  head  or  cap  of  gun-metal, 
which  fits  on  the  end  of  the  laminated  magnet  core,  and  ia 
firmly  secured  to  it  by  a  traversing  bolt. 


FiQ.  4.— V  ftnil  T- shaped  Iron  StampingB  forbufldin^  up  tlelU-Mmgnet 
imd  Armature  Ooraa. 


The  magnet  poles  are  even  in  number,  varying  from  6  to  40 
according  to  the  size  of  the  machine,  and  are  alternately  north 
and  south  poles.  Surrounding  this  stellate  magnet  is  the  ring- 
shaped  armature  frame,  formed  of  two  massive  iron  rings  kept 
apart  by  distance  pieces  and  bolted  together.  This  armature 
frame  carries  on  its  inner  circumference  the  armature  ooils. 
These,  like  the  field-magnets,  consist  of  cores  built  up  of  sheet- 
iron  stampings,  T-shaped  (Fig.  4,  e),  which  aro  held  together 
by  bronze  press-plates  and  by  bolts.     On  to  these  cores  aro 
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slipped  the  armature  bobbins,  which  conaist  of  vuIcanJEed  fibro 
frames,  wound  over  with  highly  insulated  wire.  These  bobbina 
&r6  joined  up  in  series  in  such  manner  that  the  currents  in- 
duced in  each  are  in  the  same  direction,  and  generally  one  half 
of  the  armature  coils  is  put  in  parallel  with  the  other  half,  the 
individual  coils  in  each  half  being  joined  in  series.  In  like 
mauuer  the  several  magueta  of  the  field-magnet  are  divided 
into  two  sets,  the  magnet  coils  in  each  set  being  in  series, 
and  the  two  sets  being  joined  up  in  parallel.  The  clearance 
between  the  polar  faces  of  the  field-magnets  and  the  armature- 
magnets  is  very  small.  Each  armature  section  is  thus  complete 
in  itself,  and  can  be  removed  or  replaced  in  a  few  minutes.  The 
armature  sections  are  screwed  to  the  distance-pieces  of  the  main 
ring  frame,  but  insulated  from  them  by  intervening  insulating 
pieces.  In  building  up  the  stellate  electro-magnet  core  one 
layer  of  the  V-shaped  iron  stampings  is  Brst  arranged  in  the 
proper  angular  poeitions ;  another  layer  is  then  laid  over  them, 
with  paper  between,  but  so  that  the  individual  stampings  of 
the  second  layer  "  break-joint "  with  thoHo  of  the  first,  and  the 
prooeas  continued  until  the  proper  thickness  is  obtained  (see 
Fig.  4,  6).  Strong  iron  press-plates  are  then  bolted  up  so  aa 
to  oompross  all  this  mass  of  laminated  iron  into  a  ac&r-shaped 
magnet.  The  bobbins  having  been  put  on  the  cores,  the 
slightly  projecting  ends  of  the  cores  are  fitted  with  bronze 
bobbin-holders,  held  on  by  a  bolt  which  traverses  the  laminated 
pole,  in  order  to  prevent  the  bobbins  from  being  thrown  off 
when  the  magnet  revolves. 

In  some  of  the  larger  sises  of  machines  the  annular  amub- 
tore  frame  is  made  to  slide  along  the  bed-plate  in  guide  slots 
by  means  of  a  screw.  By  this  means  the  whole  armature  can 
be  moved  along  laterally,  so  as  to  move  it  off  the  field-magnet, 
and  enable  this  latter  to  be  got  at  easily  for  repairs.  The 
machines  are  made  either  to  be  auto-excited  or  separately 
exoitod.  In  the  former  case  the  excitation  of  the  field-magnets 
is  effected  by  a  rectified  alternating  current.  This  current  is 
supplied  from  the  secondary  cironit  of  a  subsodiary  transformer, 
whose  primary  is  fed  from  the  armature.  The  alternating 
current  is  rectified  by  means  of  a  commutator  keyed  upon  the 
shaft  of  the  dynamo.  This  commutator  is  made  in  the  following 
fashion : — On  an  insulating  hub  are  arranged  brass  or  copper 
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cylindrio  sections,  as  many  in  number  at  the  poles  of  the 
stellate  field-magnets.  These  metal  segments  are  insulated 
from  eaoh  other,  and  separated  by  oarrower  metal  sections 
insulated  on  both  sides  from  the  main  sections.  {See  Fig.  5, 
in  which  the  thick  black  lines  represent  the  insulating  portions, 
mica).  The  narrower  sections  arc  all  connected  together,  and 
the  wider  sections  are  also  so  connected  that  alternate  large 
sections  are  in  conducting  contact. 

In  Fig.  6  we  imagine  the  cylindrical  surface  of  the  commu- 
tator rolled  out  flat,  the  connections  between  the  segments  being 
represented  by  the  firm  and  dotted  lines.  The  brushes  are 
repreaented  dlagramm&tically  in  an  oblique  position.  On  oppo- 
site sides  of  the  commutator  there  are  two  pairs  of  brushes, 
■oce  brush  at  each  side  being  a  little  in  advance  of  its  fellow. 


Gl — ^IMagram  of  Commufc&tor  for  rectifying  the  AltemAthig  CamTiU 
ol  ft  OftDK  Altem&tor. 


One  set  of  the  wide  sectors,  of  which  a  member  may  be  sup- 
posed to  be  in  contact  with  one  bnish,  is  connected  to  the  ex- 
tremities of  the  field-magnet  circuit ;  and  the  alternate  sectors, 
one  member  of  which  is  in  contact  with  a  brush  on  the  oppo- 
site side  of  the  commutator,  are  in  connection  with  the  other 
end  of  the  field-magnet  circuit.  The  alternating  exciting 
current  enters  by  one  brush  and  passes  through  the  field- 
magnet  ooils.  As  the  electromotive  force  of  the  field  trans- 
former falls  to  zero  and  then  reverses  sign,  so  the  sectors 
pass  under  the  brushes,  reversing  the  connection  with  the 
ends  of  the  field-magnet  circuity  and  hence  preserving  the 
current  through  the  field-magnets  always  in  the  same  direc- 
taon.  The  use  of  the  second  brush  on  each  side  in  advance 
of    its   fellow,  and   also  of  the  intermediate   sectors  on   the 
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commutator,  is  to  prevent  the  spark  at  the  instant  when 
the  brushes  ohange  scctora ;  and  tliis  is  achieved  by  coa- 
neoting  the  bushea  on  the  same  aide  of  the  commutator 
through  a  little  resistance,  one  being  a  little  in  advance  of  the 
other,  by  an  amount  sufficient  to  place  the  one  brush  on 
the  intermediate  or  neutral  sector  at  the  instant  when  its 
fellow  steps  off  the  *' live "  sector  just  behind  it.  At  the 
instant,  then,  before  the  change  of  oonneotion  is  made  by  the 


FIELD      CXCITINC 

tiwMifaiutat 


niAifl  TtnMIN^LA  OP, 
ALTERNATOR 


Fxa  6, — Dtagruu  representing  Action  of  the  Commutator  on 
Ouis  Alternator. 


bnxshos  leaving  their  respective  sectors  they  are  short-circuited 
by  reason  of  the  fact  that  their  companion  brushes  are  on  the 
intermediate  sectors,  which  are  all  in  conducting  connection. 
Hence  the  sparking,  which  would  otherwise  exist,  due  to  the 
self-induction  of  the  field-magnet  circuit,  is  kept  under,  and 
the  wear  of  the  commutator  greatly  improved.  This  same 
device  of  a  pair  of  bruahea,  one  having  a  lead  over  the  other 
to  stop  sparking,  is  employed  in  the  Ganz  alternating  motor. 
<See   Electrician,   Vol.    XXIY.,    1890,   p.    453.)     The    larger 
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dizea  of  the  Ganz  alternators  are  not  self-exciting,  but  are  ex- 
cited by  a  continuous  current  from  a  separate  exciting  dynamo. 
In  the  smaller  sizes  (150  horse-power]  of  central-station  alter- 
nators the  magnetising  current  is  conveyed  into  the  alternator 
by  means  of  copper  contact  rings  and  brushes  pressing  against 
them.  In  the  larger  sizes  of  central-station  alternators  (600 
horse-power)  the  exciting  current  is  conreyed  into  the  alter- 
nator by  a  pair  of  flexible  copper  ropes,  weighted  at  one  end, 
and  hanging  over  deeply-grooved  brass  pulleys  insulated  from, 
but  carried  on,  the  main  shaft,  and  which  are  respectively  the 
terminala  of  the  field-magnet  circuit. 

In  all  these  machines  the  magnets  are  so  designed  that  at 
normal  speed  tliey  produce  a  current  having  5,000  reversals 
per  minute,  or  about  83  per  second,  or  a  "frequency"  of  42 
per  second — that  is  to  say,  the  current  has  42  complete  periods 
per  second. 

Tlie  alleruators  are  made  in  about  eight  sizes,  varying  in 
output  from  10,000  to  380,000  watts,  as  shown  in  the  follow- 
ing table : — 

Gans  Alternator s.~Typt  A, 


Komber 

1. 

2.       f      3. 

1 

5. 

0, 

7. 

8, 

Komixisl  fuU 

) 

I 

load  of  d/- 
luuno      ID 

V  10,000 

20,000 

30,000 

30,000 

80.000 

100,000  '  3cO,000 

wfctta 

J 

1 

B.M.F.      .t 

1 

terminikls 

in  volts  ... 

Revolution! 

per  minate 

\   1.000 

2.000 

3,000 

2,000 

2,000 

3,000 

2.000 

1      830 

880 

6S5 

500 

M'JQ 

170 

12J 

No.  of  po\m 
on       field- 

) 

\         « 

e 

8 

10 

14 

30 

40 

msffnet  ... 
Wd^t      of 

?     "7 

11 

17 

S-4 

61 

U-0 

23*0 

tons 

) 

Uiaal      eofe 

full  loftd  of 
dynamo  in 

\  9.650 

19,300 

28.960 

48.2&0 

77.200 

154.400 

3W..700 

watti 

) 

CoiTe«pond- 
injr   norae- 

\ 

power    re- 

qnired     to 
drive    dy- 

]  15-D 

29-8 

Ail 

n 

120 

233 

650 

1 

QSIUI      full 

1 

load 

/ 
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The  values  hero  given  for  output  and  absorbed  power  are 
taken  from  catalogue  figures,  and  must  not,  therefore,  be 
regarded  aa  having  the  weight  and  accuracy  which  might  be 
expected  from  careful  independent  tests.  They  are  here  given 
merely  for  the  purposes  of  general  oomparison. 

The  exciting  dynamos  employed  in  counoction  with  the  larger 
sizes  of  machines  are  ordinary  drum-armature  shunt  dynamos 
supplying  current  at  about  100  volts.  The  held-magnets  are 
of  the  well-known  form  of  vertical  single  horseshoe  type,  and 


i 


Fio.  7. — ConttQuotu-Cumot  Exciter  Dyukiuu  by  Qaiu. 

are  illustrated  in  Fig.  7,  and  call  for  no  special  remarks.  In 
some  cases  of  central-station  work  the  exciters  are  direct- 
driven  by  coupled  engines,  and  in  other  cases  they  are  driven 
by  a  belt  off  the  alternator  shaft.  The  general  practice  is  to 
cause  two  or  three  alternators  to  feed  into  a  pair  of  mains 
which  supply  the  field-magnet  oirciiits  of  the  alternators 
arranged  in  parallel  across  them.  By  this  arrangement  a 
breakdown  of  one  exciter  does  not  interrupt  the  maintenance 
cf  the  fields  of  the  alternators. 
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§4.  Chuiz  Transfonners. — Proceeding  next  to  the  tTansfor- 
merS)  we  may  mention,  in  passing,  the  old  life-buoy  shaped 
transformer  of  Zipcrnowaky  merely  to  p>oint  out  that  it  is  no 
longer  used  in  practice.  In  that  early  form  the  primary  and 
secondary  coils  were  wound  in  circular  coils,  then  laid  togotheri 
and  wound  over  with  iron  wire  so  that  the  whole  arrangement 
looked  like  a  stout  circular  ring.  (Sec  Fig.  8.)  This  form  pos- 
aeased  a  multiplicity  of  disadvantages.     The  heat  generated  in 


r=^ 


Fio.  B.— Old  Form  ZipemowBky  Transformer  (1885),  not  now  lued. 

the  coils  themselves  escaped  with  great  diflficulty.  The  mag- 
netic resistance  of  the  iron  circuit  was  considerable,  and  any 
damage  to  the  coils  or  insulators  could  only  be  repaired  by 
taking  the  whole  apparatus  to  pieces  with  great  labour.  HenG« 
this  type  of  shell  transformer  gave  way  to  a  more  practically 
useful  form.  In  the  latest  form,  a  series  of  sheet-iron  discs  like 
flat  thin  rings  are  stajnped  out ;  these  are  built  up  witli  inter- 
posed paper  layers  into  a  circular  ring  of  laminated  iron,  having 
a  square  or  rectangular  cross  section.     These  discs  are  held 

k2 
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together  by  radially  pl&ced  clamping  plates  (see  Figs.  9),  which              ^^^H 
divide  the  ring  core  into  partitions.     The  primary  coils  are              ^^^^H 
then   wound  on   the  nng,   covering    it   uniformly,   and   the             ^^^H 
secondary  wire  is  put  outside  the  primary.     Iron  discs  top  and              ^^^H 
bottom  enclose  the  core  and  serve  as  supports  for  the  ter-              ^^^H 
miuals  and  fusee.     The  transformer  roughly  re^mblea  a  water-             ^^^H 
wheel,  and  can  be  rolled  about  easily  when  set  on  edge.     On             ^^^H 
the   top   plate    are    fixed    porcelain   diacs,    which    carry   the              ^^^H 
primary  and  secondary  fuses,  which  are  short  slips  of  fusible              ^^^H 
metal  contained  in  glass  tubes.     The  transformers  are  made  in              ^^^H 
various  ausea,  to  transform  down  j^enerally  to  105  and  52  volts,              ^^^^| 
and  each  secondary  circuit  has  three  terminals  by  which  105             ^^^H 
volts  can  be  taken  off  for  incandeacenco  lamps,  and  52  volta              ^^^H 
for  aro  lamps.     The  transformers  are  made  in  four  sizea  aa             ^^^H 

follows  ^^^H 

Ganz  Traw/fjrmers,                                                      ^^^| 

No. 

Output  iu 
wattA. 

Weiithl  iu 
kilogrummeo. 

Couitiiereial  efficiency  at                ^^^^^| 
full  luotl  M  given  fay                   ^^^^H 

ki 

1,875 

3.750 

7,500 

16.000 

70 

no 

180 
290 

92'ft  per  ceuL                         ^^^H 
95-6                                            ^^^H 

The  energy  losa  in  magnetizing  the  iron  is  stated  to  be  5*5,             ^^^H 

3-5,  2-5,  and  1-5  per  cent  respectively  at  full  load  in  the  No.  1,            ^^^H 

3,  3,  and  4  sizes,  and  tlie  energy  loss  in  the  copper  is  put  at  3             ^^^H 

per  cent.     The  primary  coils  are  wound  to  receive  current  at              ^^^B 

^B     900,  1,800,  2,700,  and  3,600  volts  respectively  in  the  four  sizes,              ^^H 

^V     and  to  transform  it  doH*n  to  105  and  52  at  the  chief  and  inter-             ^^^H 

r          mediate   terminals  on  the  secondary   circuit.     The  relation             ^^^H 

1            between  commercial   efficiency  to  the  corresponding  load  on             ^^^H 

^^      the  secondary  circuit  in  watta  is  given  by  the  elliciency  curve,             ^^^H 

^B     as  shown  in  Fig.  10.                                                                                       ^^^H 

'         This  curve  ia  given   only  on   the  authority  of  the  manu-             ^^^| 

fiu^turers,  but  its  general  accuracy  is  probably  sufficient  for             ^^^H 

the  purpose  of  reckoning  the  efficiency  of  the  transformer  at             ^^^^| 

various  loads.     It  has  been  conBrmcd  fairly  well  by  the  inde-             ^^^^| 

pendent  testa  made  by  the  Frankfurt-am-Moin  Committee  in             ^^^H 

1890.      This  oommittee  found  that  the  latest  pattern  of  Gnnx             .^^^H 
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^^^^H            tr&nfirormer  hod  at  full  load  an  efiicioncy  of  95  to  96  per  cent.,       ^M 
^^^H            at  half-load   93  to  94,  at  quarter  load  90,  and  at  eighth  load       H 
^^^H            80  per  cent,  efficiency.    {The  Electrician,   Vol.   XXIV.,    1S90,       H 
^^^^H           p.  439.)    The  experiments  of  M.  \.  A.   Hoiti/  to  be  again       ^M 
^^^^^m           referred  to  later  on,  have  also  shown  the  efficiencj  at  full  load      ^M 
^^^H            of  a  3,800-watt  Ganz  tr&nRformer  to  be  from  94  to  96  per      H 
^^^^H            cent. ;  but  we  defer  to  another  chapter  the  full  discussion  of      ^M 
^^^^H            the  methods  by  which  these  values  have  been  arrived  at.     It      ^M 
^^^^H            is  desirable,  however,  to  make  here  a  brief  reference  to  some 
^^^^H            misleading  conceptions  which  often  surroimd  the  question  of       ^ 
^^^^H            the  efficiency  of  transformers  in  practical  use.     It  has  been       fl 
^^^^H            frequently  pointed  out  that  there  is  a  great  difference  between      H 

^^^1            Fig 

(.  10. — Eilicicucy  Curve  u{  Qauz  Truiftfurmor,  Hbowiug  utlicieucy  in 
cents  ia  t«niu  of  leoondary  loAd. 

e  ifutantaneotu  tffideiicy  of  a  transformer  at  asy  momi 
A  tho  mean   ejjlciency  over  any   period    such  pa  24    ho 
iring  which  it  is  loaded  to  very  various  degrees.     The  di: 
ice  between  these  efBciencies  may  be  considerable,  the  m 
liciency   being   often    very    much    less   than    the    maxin 
ticiency,  and  depending  on  the  way  in  which  tho  transfer 
used.    Given,  however,  a  definite  load  curve — that  is,  a  c\ 
lowing  the  loud  in  watts  on  tlie  secondary  of  the  transfer 
;  short  intervals  of  time  during  the  day,  and  an  efficif 
irve  such   as  that  in  Fig.  10 — the  mean  efficiency  maj 
educed  as  follows  : — 

ent,      H 

UTS,         ■ 

ffer-     H 
Lcaa      ^1 

lum     ^1 
mer     ^| 
irve     ^1 
-mer      H 
moj     ^1 

^^^H                         *  See  Za  lumiire  J^ectriqiu,  March  15,  1890,  VoL  XXXV.,  p.  525.              H 
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Let  the  ordinates  of  the  6rzn-line  curve  in  Fig.  11  represent 
the  Bocondary  load  in  watts,  or  the  lamp  load  on  the  trans- 
former, at  the  various  hours  of  the  Jay.  Increase  each  hourly 
ordinate  of  this  curve  in  tbo  ratio  of  100  to  the  number 
denoting  the  cfficicnoy  of  the  traDsformer  corresponding  to 
the  actual  secondary  load  at  that  hour,  which  can  be  done 
from  the  efficiency  curve  giving  the  relation  between  efficiency 
and  secondary  load.  Also  if  at  any  hours  the  Bocondory  cir- 
cuit ifl  open  and  the  secondary  load  therefore  zero,  ordinatos 
must  be  set  up  at  these  points  on  the  same  scale  proportional 
to,   and   representing,   the  power   in   watts  absorbed  by  the 


Fig.  U.— a  ifirtQ  line)  ia  k  curve  ahowing  hgurly  variation  of  load  on 
■ecooduy  circuit  in  watt*.  P  (dotted  line)  im  a  cunre  ahowing 
corT«pondiDK  Tariatioo  of  watta  supplied  to  primary  ciromt. 

transformer  when  the  secondary  circuit  is  thus  open.  Let 
Che  new  higher  ordinates  define  a  cur>'e  shown  by  the 
dotted  line.  Then  the  ratio  of  the  whole  areas  included 
respectively  between  the  two  curves,  6rm  and  dotted,  the 
base  line,  and  the  bounding  vertical  lines,  is  a  fraction  which 
denotes  the  ni^on  fffidency  of  the  transformer  during  the 
twenty-four  hours.  If  the  load  diagram  varies  from  day  to 
day,  a  further  comparison  of  the  daily  mean  efficiencies  must 
be  made  to  obtain  the  real  average  mean  over  any  period  of 
time,  such  as  a  year.  It  follows  that  a  high  efficiency  at  full 
load  wiU  not  give  a  high  mean  efficiency  unless  the  efficiency 
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curve  of  the  transformer  rises  from  zero  very  rapidly  to  its 
greatest   ordinate.     A   transformer    may   have   a   veij   high 


F^  14v 


Fia.  IS. 


effioienoy  at  full  load  ;  but  if  it  absorbs,  when  the  secondaty 
circuit  is  openj  a  sensible  amount  of  power,  and  stands  idle 


IIBDTIOK  OP  KLBCTRICAL  SXERGT  BT  TRANSFORMERS.     137 


I 
I 


twenty  hours  out  of  twenty-four,  itR  real  commercial  efficienoy 
may  be  brotigUt  down  easily  to  50  or  GO  per  cent,  or  less. 
Further  remarkR  on  the  bearing  of  this  fact  on  the  economy 
of  working  of  transformer  stations  will  be  reserved  until 
later.  In  central-station  work  done  by  this  firm  the  7*5 
tmit,  or  7,500  watt  transformer,  is  a  very  favourite  size. 
The  usual  practice  with  Messrs.  Ganz  and  Co.  is  to  "bank" 
a  number  of  transformers  when  a  large  secondary  out- 
put is  required,  so  arranging  them  that  the  primaty  circuits 
are  all  in  parallel  between  the  primary  mains  and  the  secondary 
circuits  all  in  parallel  with  the  secondary  mains,  and  then  to 
connect  or  disconnect  transformers  according  as  a  larger  or 
smaller  output  is  required.  In  placiug  the  transformers  four 
methods  are  adopted.  The  transformer,  when  one  only  is 
required  at  a  place,  can  be  placed  on  a  shelf  enclosed  in  a 
weather-tight  iron  box  (see  Fig.  12),  or  it  may  be  perched  up 
on  an  iron  ]x>1e  like  a  dovecot,  an  ornamental  form  being  given 
to  the  transformer  case  (see  Fig.  13),  or  it  may  be  buried  in  a 
watertight  iron  box  (see  Fig.  14),  or  some  small  fireproof  dry  room 
in  the  building  to  be  supplied  with  current  may  be  set  apart  as 
a  transformer  house,  in  which  the  transformers  are  arranged 
on  porcelain  insulators,  on  stone  or  wooden  shelves,  or  resting 
on  iron  rails.  This  latter  plan  has  much  to  recommend  it  in 
the  facility  it  affords  for  getting  at  the  transformer. 


§  5.  Pressure  Eegnlating  Devices. — If  an  alternating-current 
dynamo  is  supplying  current  to  a  group  of  distant  transformers 
through  a  cable  laid  between  the  localities,  and  if  the  load  on 
the  secondary  oirouits  of  the  transformers  varies,  then  the 
primary  current  flowing  through  the  supply  condtictor  will  vary 
also.  In  order  that  the  electric  pressure  at  the  terminals  of 
the  secondary  circuits  of  the  transformers  may  be  kept  constant 
in  valuer  it  is  sufficient  and  necessary  that  the  pressure  between 
the  primary  terminals  of  the  transformers  be  maintained  at  a 
constant  value.  Assuming  that  the  primaries  of  the  trans- 
former* are  arranged  in  parallel  between  the  primary  conductors, 
it  follows  that  whatever  may  be  the  variation  in  the  primary 
current,  the  pressvu-e  between  the  terminals  of  the  primaries  of 
the  transformers  must  remain  the  same.  If  the  resistance  of 
the  cable  is  R  ohma,  and  its  self-induction  negligible,  and  if  V 
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U  thff  potential  difrerunco  betweeu  the  tenaiuaU  of  the  alter- 

DAtur,  and  v  in  the  potential  difference  between  the  terminals 

of  the  prituary  ooilu  at  t)io  far  end  of  the  cable,  then  the  current 

hi  tltu  uablo  in  am]>orG8  is  approximately  equal  in  magnitude  to 

V  -  V 

— ^-  •  0,    Henoo»  we  have  v  -  V  -  C  R,  and  if  t;  ia  to  be  kept  con- 

■tanti  then  it  follows  tlmt  or  the  strength  of  the  primary  current 
0  vtriw,  tho  potential  dinorence  at  the  terminals  of  tlie  alternator 
must  \iiry  al«o,  but  so  that  tho  quantity  V  -  C  R  remains  con- 
stant in  value.  The  prosaure  at  the  terminals  of  the  alternator 
niutit  thorofuru  not  bu  maintained  cnnatant,  but  fluctuate  with 
every  change  iu  tho  load  on  tho  tnmsformers  at  the  far  oud  of 
the  oahlo.  It  hna  already  been  pointed  out  that  with  the  aminge- 
menta  adopted  by  Meaars.  Ganx  and  Co.,  this  can  bo  achieved  by 
roffulating  tho  strength  of  the  field-magnet  current  of  the  eici- 
tera  ;  and  MM.  Zi|K)rnowaky»  Di^ri,  and  BbUhy  have  devised  an 
•xoeedingly  ingeniouii  mothoil  for  regulating  automatically  the 
magnetising  current  of  tho  oxcitors,  in  such  a  manner  that 
the  quantity  V-OH  U  kept  constant  for  all  values  of  the 
aeoondMry  lo«d«.  The  arraogement  adopted  is  called  ao  auto- 
mnUc  regulator,  and  U  placed  in  the  central  station  iu  some 
eonvtuuant  poaitioD.  It  ia  diagnunmatically  repreeented  in 
¥lg.  19.  A  is  tho  alternator,  and  Lj  L,  the  primary  lead^ 
or  Oftble  procoeilhig  out  from  the  station.  In  some  cooTe- 
nieut  |)neitiini  in  the  station  arc  placed  two  tranaformen^  Tj  Mid 
Tp  oaUed  respectively  the  Shunt  and  the  Series  Transiorafln. 
The  primary  circuit  of  the  transformer  T|  is  placed  in  pmHel 
MtCMB  the  IcAda  L^  L^  and  the  primary  of  the 
ii  phwad  m  series  b  ens  of  the  leads  L^     Hie 


of  Ty  is  closed  throu{;h  a  suitable  resiBtaiMe^  B^  sad  the 
■SOQttisvy  circuit  of  T|  is  clvised  through  a  soleooitl,  S,  and 
riwlMiCte  T.  R^  aikl  R,  as  shown ;  the  transfanscn  T^  and 
heiag  so  jottMdop  fckst  th^ssooodaiy  etocttuesutrre 
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or  to  C  R.  Hence  the  potential  difference  between  c  and  6  or 
[between  e  and  /  can  bo  made  proportional  to  V  -  C  K  or  to  v,  the 
primary  pressure  at  the  primary  terminals  of  the  transformers. 
If  a  voltmeter  VI  is  joined  up  between  e  and  /,  this  voltmeter 
can  then  be  adjusted  to  read  the  same  value  as  a  voltmeter 


RAUifOMlR 


T/IAUttOVitM 


Fla.  15. — Arrangement  of  Prcsaure-RoguIatiDg  Devices  ia  Ganz  SyaU 


•would  do  if  placed  across  the  secondary  terminals  of  the  trana- 
formers  at  the  far  end  of  the  line.  For  the  pressure  at  the 
secondary  terminals  is  proportional  to  v,  the  pressure  at  the 
primary  terminals  of  the  distant  transformers,  and  the  indica- 
tions of  this  voltmeter  VI  are  at  every  instant  proportional  to  «. 


140    DISTRIBUTION  OF  ELBGTJIICAL  BNEROY  UT  TRAKSFOBXKBS. 

This  voltmeter  always  indicates   a   preasuro   proportional   to 
V-CR,  which  quantity  it  is  necessary  to  keep  constant. 

The  solenoid  S  is  therefore  traversed  by  a  current,  which  ia 
thus  controlled  in  strength  by  the  outgoing  main  current  C 


Fio.  16. — Mercury  Cup,  Float,  Aud  Sr.l.'(ii.id  in  Gaoz  PreBsure  Regulator. 


and  the  temiiual  pressure  V  of  the  altenjator.  This  solenoid 
is  traversed  by  a  tube  or  rod,  partly  of  irou  and  partly  of  brass, 
the  iron  part  so  situated  that  a  current  in  the  solenoid  tenda 
to  draw  it  up  into  the  solenoid.     This  rod  is  held  between 
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guide  pulleys,  bo  that  it  can  move  quite  freely  through  the 
solenoid.  It  carries  at  its  upper  end  a  glass  cup  full  of 
mercury,  and  at  its  lower  end  is  a  metal  float,  by  means  of 
;>wlucb  its  weight  is  taken  up  when  the  float  ia  immersed  in  a 
'vessel  of  water.  The  diae:ram  in  Fig.  16  shows  clearly  the 
nature  of  these  arrangements.  Above  the  mercury  cup  is 
situated  a  resistance  coil  of  iron  wires,  and  the  terminal  wiiM 
of  the  sections  into  which  this  coil  is  divided  are  brought  down 
into  a  group  of  iron  wires  bevelled  oti"  like  pan-pipes,  and  so 
fixed  in  a  block  as  to  dip  into  the  mercury  in  the  cup  (B,  Fig.  16), 
It  is  easily  seen,  therefore,  that  as  the  mercury  cup  rises  and 
falls  it  immereea  a  greater  or  fewer  number  of  iron  wires,  and 
more  or  less  of  the  coils  on  the  resistance  coil  will  be  short- 
circuited  by  this  immersion.  This  resistance  coil  is  in  the 
circuit  of  the  field-magnet  coils  of  the  eicitera  ;  and  hence 
as  the  mercury  cup  moves  up  or  down  in  obedience  to  a 
Iter  or  less  attractive  force  of  the  solenoid  upon  the  iron 
'lod  carrying  that  cup,  so  the  fleld  strength  of  the  exciters  is 
varied. 

The  connections  are  made  so  that  if  the  current  in  the 
solenoid  circuit,  which  ts  proportional  in  strength  to  V  —  C  K, 
increases,  the  mercury  cup  is  dran-n  down,  and  so  intercalates 
resistance  in  the  fields  of  the  exciters  and  decreases  the 
strength  of  the  field  of  the  alternators,  and  vice  verad.  There 
is  a  small  rheostat  or  resistance  T  in  series  with  the  solenoid  S, 
by  which  large  variations  of  the  current  in  the  solenoid  can  be 
made  by  hand,  and  in  the  same  way  large  amounts  of  variation 
of  the  fields  of  exciters  can  be  made  by  a  hand-regulated 
iresistance  ;  and  the  automatic  arrangements  then  can  be  set  to 
teep  the  pressure  at  the  far  ends  of  the  feeders  constant  within 
a  given  amount,  so  as  to  be  independent  of  the  changes  of  load. 
The  above  arrangement  may  seem  at  first  rather  complicated, 
but  it  does  its  work  in  practice  very  well,  and  its  practical 
operation  shows  it  to  be  one  of  the  few  devices  of  this  kind 
which  can  be  considered  to  be  a  thorough  success. 

The  above  described  elements  constitute  the  distinctive 
features  of  the  transformer  system  elaborated  by  MM. 
>Zipcmowaky,  Dt^ri,  and  Bliithy,  and  we  proceed  to  describe 
some  of  the  central  stations  operated  by  the  aid  of  these 
devices. 
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§  6.  Central  Station  at  Eome.* — In  very  fully  describing 
this  statiou  iu  ISS'J,  Prof.  G.  Forbesf  called  it  the  *' finest 
example  of  an  alternating-current  central  etatiou  ; "  and  it  well 
dcflorres  this  commendation.  Since  it  was  described  by  him 
it  has  been  increased  by  the  addition  of  two  more  large 
600  horse-power  engines  and  dynamos,  and  has  now  a  com- 
plement of  plant  equivalent  to  a  total  output  of  24,000 
16  candle-power  incandcuccuco  lumps.  The  electric  light- 
ing of  Rome  is  carried  out  by  the  gas  company,  which  has 
enlarged  its  operations  and  exists  under  the  denomination  of 
the  Society  Anglo-Uomana  per  miumlnaziono  di  Roma  col  Gaa 
ed  Altri  Sistemi.  The  Directors  of  this  Company  were  wise  and 
far-seeing  enough  to  recognise  the  necessity  of  dealing  with  the 
electric  light  either  as  an  ally  or  as  a  rival,  and  in  the  spring  of 
1886  commenced  operations  for  the  supj^ly  from  the  gas  works 
of  the  electric  current  by  the  Ganz  alternating  system.  The 
gas  works  at  Rome  are  in  the  Via  dei  Cerchi,  near  the  Tiber, 
under  the  shadow  of  the  Mount  Palatine,  and  occupy  a  position 
in  the  region  of  old  Rome,  near  the  site  of  the  ancient  Circus 
Maximus ;  and  in  forming  the  foundations  of  portions  of  the 
heavy  dynamo  machinery  some  of  the  old  arches  of  the  Circus 
were  exposed.  The  plan  and  elevation  of  the  station  are  shown 
in  Figs.  17  and  18,  from  which  the  general  disposition  of  the 
machinery  and  buildings  can  be  seen.  The  Central  Station  plant 
consists  of  two  similar  small  alternators  of  80,000  watt-power, 
giving  a  maximum  current  of  40  amperes  at  a  pressure  of 
2,000  volts,  which  are  coupled  direct  to  engines  of  125  horse- 
power, and  of  four  largo  alternators  of  320,000  watt-power, 
each  giving  a  maximum  current  of  160  amperes  at  a  pressure 
of  2,000  volts.  The  large  dynamos  are  coupled  direct  to  com- 
pound steam  engines  working  up  to  600  horse-power.  The  two 
smaller  machines  will  be  referred  to  as  No.  1  and  No.  2,  and 
the  four  larger  machines  as  No.  3,  No.  4,  Na  5,  and  No.  6,  as 

*  The  Author  dooirei  to  acknowledge  his  indebtcdncfls  for  the  informa- 
tion  on  the  details  of  this  Central  Station  at  llotne  to  Signor  C.  Puuchain, 
and  also  to  Signor  de  Streoa,  Chief  Engineer,  who  granted  him  every 
opportunity  for  examining  tlio  working  of  thiji  iatenstttiug  installation. 

t  "  Some  Electric  Liffhting  Central  Stations  in  Europe,  and  their  L««> 
BOiu,"  Journal  of  InHUution  of  Electrical  Engineers,  Vul.  XVILL,  1889, 
p.  172,  and  The  EUctrieian,  Vol  XXII^  pp.  505,  528,  679, 716. 
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shown  in  the  plan.  The  four  larger  machines  are  not  all  similar 
in  detaila.  No.  3  and  No.  4  arc  slater  machines,  and  also  No.  5 
aod  No.  6  ;  but  the  last  two  have  many  improvements  not  pre- 
•ent  in  the  former  two. 

Commencing  our  description  with  the  two  smaller  dynamos, 
placed  in  position  and  first  used  in  the  autumn  of  1886,  a 
general  view  of  these  machines  is  shown  in  Fig.  19.  The  engines 
are  aingle-cylindcr  high-pressure  engines  by  Gebriider  Sulzer,  of 
Winierthur  and  Ludwigshafen.  The  speed  is  250  revolutions 
per  minute.  These  horizontal  engines  are  built  on  a  common 
bed-plate  with  the  dynamo,  and  the  revolving  6eld-magnet  of 
the  d^~namo  forms  the  flywheel  of  the  engine.  The  engines  can 
be  worked  up  to  150  horse-power.  There  are  20  ocnb  in  the 
fixed  armature,  and  20  poles  in  the  stellate  field-magnet,  and 
in  the  anuature  all  the  coils  are  joined  in  scnes,  each  giving 
100  volts,  or  2,000  in  all.  In  the  field-magnets  the  coils  are 
arranged  in  two  series  of  10  coils  each,  joined  in  poralleL 
The  altemationfl  are  5,000  per  minute,  or  about  42  complete 
periods  per  second.  These  dynamos  are  auto-excited  by  a 
rectified  alternating  current  and  commutator,  as  above  de- 
scribed, taking  current  from  the  secondary  circuit  of  a  field 
transformer,  of  which  the  primaiy  coils  are  in  connection 
with  the  armature  of  the  alternator. 

The  larger  dynamos  No.  3  and  No.  4  (placed  in  position 
and  started  in  November,  1887)  are  separately-excited  alter- 
nators, coupled  direct  to  500  horse-power  compound  engines  by 
Van  den  Kirchofle,  of  Ghent,  these  last  having  elaborate  expan- 
sion valve  gear  of  Corliss  type,  and  also  centrifugal  governors 
of  the  usual  kind ;  they  have  also  starting  gear.  The  dynamo 
is  placed  between  the  high-pressure  and  low-pressure  cylinders, 
so  that  the  field-magnet  is  slung  on  the  centre  of  the  steel  main 
shaft.  The  ring-shaped  armature  frame  has  massive  projections 
or  lugs  on  either  side,  supported  by,  and  traversing  in,  guide 
bars  like  the  bed  of  a  lathe,  and  it  can  be  traversed  laterally 
by  a  screw,  so  as  to  move  it  off  from  and  expose  the  field- 
magnet  revolving  in  the  interior.  The  interior  diameter  of  the 
armature  ring  frame  is  about  nine  feet  and  a-half,  and  the 
over^l  diameter  of  the  stellate  field-magnet  rather  more  than 
nine  feet  In  the  dynamos  No.  3  and  No.  4  the  field-magnets 
have  solid  cast-iron  cores  and  wrooghtriron  polar  caps  or  pro- 
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jectioDS ;  and  thcso  magnots,  40  in  number^  are  placed  round 
the  periphery  of  an  iron  wheel  keyed  on  the  main  shaft  The 
armature  cores  are  built  up  of  iron  plates  of  thin  sheet  iron, 
with  interposed  paper,  as  described  in  &  former  section.  The 
two  smaller  dynamos,  No!  1  and  No.  2,  also  have  armaturea 
built  in  this  way  with  divided  iron  cores,  and  with  solid  cast- 
iron  field-magnet  oorea  having  wrought  iron  polar  expansions. 
In  the  armature  of  dynamos  No.  3  and  No.  4  there  are  40  coils, 
each  generating  50  volts,  and  the  whole  of  them  are  joined 
in  series.  In  the  field-magnets  the  40  coils  are  joined  up 
BO  that  there  are  two  series  of  20  coils  in  each,  and  the  two 
series  are  joined  in  parallel.  The  engines  make  125  revolu- 
tions per  minute,  producing,  therefore,  an  alternating  current 
of  5,000  alternations  per  minute,  or  42  complete  periods  per 
second.  The  armature  coils  will  carry  safely  200  amperes, 
but  their  normal  load  is  about  160.  The  copper  wire  on  the 
armature  and  magnet  ooila  is  six  millimetres  in  diameter,  or 
about  one  quarter  of  an  inch. 

The  last  two  large  machines,  No.  5  and  No.  6,  are  generally 
very  similar  to  No.  3  and  No.  4.  They  are  driven  direct  by 
compound  500  horse-power  engines  by  the  Erster  Brtinner 
Maaohincn  Fabrik  of  Austria ;  and  in  this  case  also  the  dynamo 
field-magnet  ia  slung  as  a  flywheel  in  between  the  high-pressure 
and  low-pressure  cylinders.  In  order  to  give  space  for  the  stellate 
magnet  and  annular  armature  frame,  a  pit  is  formed  between 
the  high-pressure  and  low-pressure  part  of  the  engine.  These 
last  engines  have  governors  of  the  type  employed  in  the  well- 
known  Armington  and  Sims  engine,  in  which  the  lead  of  the  single 
eccentric  is  shifted  and  controlled  by  the  outward  movement  of 
two  massive  weights  contained  in  the  interior  of  a  pulley-shaped 
governor  wheel.  This  governor  is,  for  convenience,  placed  on 
the  outside  end  of  the  main  shaft  of  the  engine.  The  general 
appearance  of  these  last  two  500  horse-power  dynamos  is  shown 
in  Fig.  20.  These  engines  have  been  found  to  do  their  work 
remarkably  well,  and  to  govern  steadily.  The  general  principle 
of  this  centrifugal  governor  is  that  of  causing  a  change  of 
speed  of  the  engine  to  alter  the  lead  of  the  slide  valve  and 
so  cut  off  the  steam  at  different  periods  of  the  stroke.  This  is 
accomplished  by  carrying  the  valve  eccentric  not  directly  on 
the  shaft,  but  on  a  sleeve  which  can  be  shifted  in  position  oa 
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mft,  so  as  to  change  the  angle  of  lead  of  this  eccentrio 
from  a  position  in  which  the  eccentric  axis  is  nearly  parallel  to 
the  direction  of  the  crank  to  one  in  which  it  is  nearly  at  right 
assies  to  it.     According  to  the  degree  of  this  angle  of  lead  so 
will  the  steam  be  cut  off  almost  at  the  beginning  of  the  stroke, 
or  at  a  point  rather  loss  than  three-quarters  of  the  stroke. 
The  work  done  by  the  st^am  pressure  cau  therefore  be  varied 
within  wide  limits.     The  shift  of  the  sleeve  carrying  the  eccen- 
tric is  effected  by  a  set  of  jointed  rods,  which  are  moved  by  a 
pair  of  heavy  weights  carried  on  the  end  of  lovers,  which  are 
carried  round  with  the  shaft  cither    in  the  flywheel  or  in  a 
special   governor    wheel.     The    outward  movement  of   theso 
weights,   caused    by  the   centrifugal    action,   is  resisted   by 
powerful  springs  in  the  governor  wheel,  and  any  change  of 
speed  operates  directly  to  shift  the  lead  of  the  valve.      In 
these  last  dynamos.  No.  5  and  No.  6,  the  cores  of  the  field- 
magnets,   as    well  as   the   armature    cores,   are   built   tip  of 
laminated    iron,    as   described    in    §  3.     The  bobbins  of  the 
field-magnets  are  formed  of  rectangular  split  zinc  framee^  about 
15in.   high  and  20in.  wide.     They  are  wound  over  with  the 
insulated  wire,  but  more  wire  is  placed  at  the  bottom  of  the 
frame  than  at  the  top,  and  the  finished  bobbins  have  a  slight 
taper  from  about  Sin.  to  6Mm  in  end  width.     The  armature 
bobbins  are  shallow  rectangular  bobbins,  wound  on  vulcanised 
fibre  frames  about.  19in.  long  and  lOin.  wide  and  2in.  deep. 
Each  bobbin  has  on   it  about  30  turns  of  highly  insulated 
copper  wire,  about  6  mm.  or  Jin.  in  diameter.     The  armature 
coils  when  slipped  on  to  the  laminated  iron  cores  are  kept  in 
position  by  bobbin  holders  of  bronze,  which  form  a  kind  of 
skeleton  frame  clamped  on  the  end.     The  more  massive  electro- 
magnet bobbins  are  secured  by  a  similar  bobbin  holder,  and 
by  a  bolt  fastening  it  which  traverses  the  whole  width  of  the 
laminated  core.     The  terminals  of  the  field-magnet  circuit  are 
led  to  two  insulated  brass  pulleys  deeply  grooved,  which  are 
teeured  on  the  shaft.     Over  these  aro  slung  flexible  copper 
Btnusded  cables,  one  end  of  which  carries  a  pendant  weight,  and 
the  other  end  of  which  is  in  connection  with  the  exciter  circuit. 
This  affords  an  excellent,  and  yet  perfectly  flexible,  contact 
sorface,  for  the  exciter  current  to  enter  and  leave  the  alternator 
field-magnets.     The  mechanical   performance  of  these   latest 
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machines  is  very  excellent ;  the  dynamos  run  rery  smoothly 
and  quietly,  and  give  no  trouble  by  any  heating  or  insulatiou 
defects. 

To  excite  these  four  large  dynamos,  there  are  three  exciters 
driven  direct  by  Weatinghouse  engines  of  60  horsepower  eaci 
made  by  Alley  and  Maclollan.  The  exciting  dynamos  are  by 
Ganz  and  Co.,  and  are  four-polo  continuous-current  maohinea, 
which,  at  a  speed  of  375  revolutions  per  minute,  give  a  current 
of  150  amperes  and  pressure  of  180  volts. 

Since  75  amperes  is  a  sufficient  exciting  current  for  each  of 
the  large  dynamos,  one  exciter  can  excite  two  of  the  large 
djmamos,  and  hence  there  is  always  one  exciter  in  reserve.  At 
full  load  the  power  absorbed  in  exciting  is  said  to  be  3^  per 
cent,  of  total  absorbed  power.  The  steam  ia  provided  from  a 
plant  of  fourteen  Babcock  and  Wilcox  tubular  boilers,  each  of 
160  nominal  horse-power.  Coke  is  burnt  in  the  furnaces. 
Four  -steam  pumps,  in  addition  to  the  usual  injectors,  sujjply 
water  to  the  boilers.  The  total  boiler  horse-power  ia  2,240. 
The  steam  pressure  is  1 201b8, 

There  are,  therefore,  in  this  station  three  pairs  of  machines, 
each  pair  consisting  of  two  similar  independently  driven 
djnamos,  but  all  yielding  a  current  at  the  aame  electromotive 
force,  and  having  the  same  frequency  of  alternation. 

§7.  Cables  at  Rome.— The  current  supplied  by  these 
machines  is  conveyed  into  three  main  conductors,  often 
called  the  feeders.  These  consist  of  concentric  cable  made 
by  Siemens  and  Halske,  laid  in  wooden  boxes  filled  in  with 
cement  and  placed  underground.*  The  construction  of  this 
conductor  is  well  known.  It  consists  of  a  core  of  stranded 
copper  wires,  insulated  over  with  an  insulation  of  jute  impreg- 
nated with  highly  insuhuing  material.  Outside  this  is  stranded 
the  return  conductor  of  copper  wires  enclosing  the  core,  as  in  a 
tube ;  then  more  insulation,  and  finally  a  double  twist  of  iron 
or  steel  tape  and  hemp  protection  over  that.  In  Rome  there 
are  some  18  to  20  kilometres,  or  about  12  miles,  of  this  main 
cable  laid  up  to  the  present  (1890).     The  cross  section  of  each 

*  Thi3  plan  of  laying  in  ccincnb  has  not  b«u  found  to  be  ntufactory. 
In  future  it  in  probable  the  concentric  cable  will  be  laid  in  wooden 
troughing  filled  lu  with  pitch  or  aaplmlt. 
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conductor  is  220  square  millimetres,  or  about  one-third  of  & 
square  inch.  The  main  cables  are  laid  in  100  metre  lengths, 
with  junction-boxes  at  this  distance. 

The  three  main  cables  all  run  together  to  the  Piazza  Venezia 
and  then  diverge  in  different  directions,  the  most  distant 
point  reached  being  about  4J  kilometres,  or  three  miles,  from 
the  station.  The  distance  from  the  station  to  the  point  o/ 
divergence  is  about  1,600  metres,  or  one  mile.  The  mode  of 
making  the  junctions  of  the  ditTercnt  lengths  of  the  cables  and 
of  the  branches  has  been  most  carefully  thought  out.  The 
junctions  are  made  in  cast-iron  boios,  in  which  these  junctions 
ore  formed  by  copper  straps,  links,  or  clamps,  and  involve  no 
soldering  in  making  the  joint  in  the  street.     The  lids  of  the 


Fto.  21. — Simplo  Straight-Jniiit  Coupling  in  titemeaa  aod  UaUk« 
Concentriu  Cable. 


^^^^roies  are  closed  water-tight,  and  the  box  then  pumped  full  of 
^  rosin  oil.     The  diagrams  in  Figs,  21,  22,  23,  and  24  show  the 

^H  various  forms  of  junction  box  and  mode  of  making  the  joint. 
^^  Beyond  the  Piazza  Venezia,  the  three  mains  give  off  branches  in 
different  directions,  smaller  concentric  cable  being  used  and  the 
sub-mains  run  to  the  different  groups  of  transformers.  At  the 
present  date  (1890)  there  are  some  125  transformers  installed, 
all  being  of  the  same  uniform  size  of  7,500  watts,  or  10  horse- 
power. These  transformers  are  put  in  singly  or  in  groups 
arranged  in  parallel  in  the  various  houses  and  public  buildings, 
and  feed  about  12,000  100-volt  incandescence  lamps  of  16 
candle-power,  10  candle-power,  and  32  candle-power,  as  well  as 
some  300  Ganz  alternating  arc  lamps  of  8,  16,  and  32  ampieres, 
which  are  worked  off  the  intermediate  terminals  of  the  tran»- 


i 
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former.  The  transformers  are  placed  in  small  fire-proof  safes, 
boxes,  or  chambers,  according  to  their  number,  and  great  pains 
are  taken  with  the  insolation  of  the  primary  wires.   Bare  copper 


Fio.  22. — JunctioQ.Box  of  SiemeoB  and  Halalie  Cabla. 

rod  is  most  Tised  for  counections,  and  is  carefully  carried  on 
porcelain  insulators  in  the  transformer  rooms,  where  it  ia 
possible  to  do  so ;  in  other  places  highly  insulated  wire  is 


Fto.  23. — 8urfftce-Box  for  Brmnch  Junction,  Siemeni  tad  HaUk«  Cabttt. 

used.  The  tranaformers  each  take  at  full  load  about  four 
amperes  of  primary  current  at  2,000  volts,  and  give  out  75 
amperes  at  110  volts;  the   intermediate  terminal  enabling 
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arc  lamps  witb  reeiBtAnces  in  scries  bo  be  put  on  at  55  toUb. 
A  number  of  10  horsepower  transfomicra  banked  together 
is  ■used  in  each  of  the  largo  biiildinga  lit.  The  lighting 
comprises  not  only  street  arc  lighting,  but  lighting  by  aro 
and  incandescent  entirely  of  theatres,  Senate  and  Chamber 
of  Deputies,  post,  telegraph  and  public  offices,  besides  shopa 
and   bouses  ;  the  extreme  variation  of  potential   from  point 


Fio.  24. — Crou  Junction,  SiemenB  and  HabVe  Cable. 

to  point  not  being  greater  than  4  volts,  and  being  regulated 
from  the  Central  Station  by  keeping  a  standard  pressure 
at  one  of  three  points  in  the  network.  The  Argentina 
Theatre  is  lit  by  1 ,800  incandescent  lamps  and  1 1  aro 
lamps,  worked  off  12  transformers,  having  their  secondary 
circiiita  in  parallel.  Each  arc  lamp  has  a  resistance  in 
serieB  with  it  which  absorbs  about   10  volts,   and   without 
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this  roHistAnoo  the  arc  lamps  are  not  fouud  to  work  steadily. 
With  thiti  resistance,  however,  they  give  a  very  excellent 
result;  and  the  chief  cafh,  theatres,  the  railway  station, 
and  some  of  the  larger  shops,  present  a  very  fine  exhibi- 
tion of  altoniate-current  lighting.  It  may  be  remarked 
in  pausing  tlmt  a  mere  dead  resistance  should  not  be  used 
for  the  purpose  of  steadying  altenxato-current  arc  lamps.  A 
ohoking  coil,  prvferably  one  having  an  air  gap  in  it  for  reasons 
ilroady  given  {«r  Vol.  I.,  p.  267,  The  AUemaU-CurrrrU  Trans- 
/omwr),  would  alFard  the  best  means  of  securing  the  necessary 
itoadiuea. 

This  is  not  the  proper  place  to  enter  into  the  vexed  question 
of  altenmto  versus  continuous  current  arc  lamps.  The  fact 
that  at  Rome  300  or  more  arc  lamps  are  being  employed 
iudioatea  the  necessity  for  making  provision  for  arc  fa'ghting ; 
and  the  eoonomioal  question  which  has  to  be  faced  is  whether 
the  gain  in  simplicity  of  working  by  a  uniformity  of  system  is 
or  is  not  couttterbalanccd  by  the  disadvantages  of  intrinsic 
economy  in  the  alternating  parallel-worked  arc  as  compared 
with  series-worked  arcs  of  equal  mean  candle-power,  operated 
en  separate  circuits  and  by  separate  maohines  and,  perhaps, 
by  separate  enjpnes. 


§8.  Change-over  Switch  (Zipernowsky,  Deri,  Blithy). — 
Although  thtf  dynamos  in  the  Central  Station  at  Rome  are  of 
diflbrant  sisei^  it  has  been  found  perfectly  possible  to  work 
them  in  psimllel  together.  As  &  regular  rule  this  is  not  dooe^ 
but  each  one  of  the  three  maiiiB  is  sapplied  by  %  eeparmt* 
4yiiMso  aooordiag  as  the  load  on  it  requires.  As  there  are 
six  d^yasmos  and  three  main  condnoton  the  problem  isiwnml 
««•  to  eoBuect  any  one  ui  the  six  dynamue  to  any  one  oi  ihm 
thiee  i—inn.  sad  to  SMke  say  nooasMiy  chaise  in  the 
tka  without  eitiBguishing  the  Bghts.  This  has 
by  the  oonstrttefeion  of  an  exceedingly  ingeniovs  switeh-boaid 
vhich  efcsts  these  chmges  with  esoe  oad  c«ta«^.  The 
9PtMk  h  en  ekhonto  anmgs— >^  mad  siwwiisi  eostly  ta 
h  via  hsBk  he  wrfentoxi  by  the  foUowk^ 
sktfeehMu 

On  a  soMbls  teoMwovk  («««  Fig.  39)  is  cainsd  m  seties  of 
of  coppor  htn^  I\,  D»  IV     ^  '^  ^  fisOov  (not  ahovn) 
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are  in  oonnootton  with  the  poles  of  one  dynamo.  Similarly, 
I>,  and  ita  fellow  are  in  connection  with  the  poles  of  a  second 
dynamo,  and  bo  on.  Those  bars  aro  carried  on  insulators, 
and  have  pendant  iron  rods,  <i,,  rf^,  d^.  There  are  a  second 
series  of  pairs  of  copper  bars,  Fj  and  ita  fellow  (not  shown), 
Fj,  and  Fj,  and  so  on,  which  are  in  connection  with  the  two 
leads  of  various  cables.  From  these  bars  Fj,  Fg,  «tc.,  are  also 
pendant  iron  rods  /j,  /j,  ifec,  and  these  are  placed  near  the 
pendant  rods,  (fj,  d^  ibo.  Mercury  cups,  1,  2,  3,  itc,  can  be 
raised  or  lowered  by  a  mechanism  to  be  described,  by  which 
thcM  pendant  rods  can  bo  put  in  electrical  connection,  so  that 
/,  it  joined  to  c/,,  or  to  c/,,  or  to  cfj,  according  as  mercury 
oup«  1,  S,  or  3,  are  imised  up.  Hence,  we  see  that  the  bars 
^v  l^ti  I^Ai  c^  be  electricaUy  joined  to  the  bare  F^,  F^  and 
F,,  pair  and  pair,  in  any  combination ;  and  we  mu5t  suppose 
that  the  fellow  bars  not  shown  in  the  figure,  but  which  are 
the  duplicate  bars  for  the  other  side  of  the  dynamo^  afe 
coupled  similarly  simultaneously.  Suppose,  for  instance,  ^tmt 
the  mercury  oupe,  I,  5,  9,  are  raised  up  and  the  rest  kiepc 
down ;  then  D^  it  joined  to  P^,  D,  to  F^  and  D|  to  F^  Tho^ 
any  dynamo  can  be  put  on  any  cable.  Sapposing  that  each 
4yiudPM>  IB  vorkiug  on  a  cable,  and  it  is  desired  to  infetr- 
wAange  the  poaitiooa  of  tbe  dynamos^  this  can  he  done  tj 
nMa^  and  low«ni^  aereiuy  axp^  For  inrtanws  let  D^  bt 
to  Fy  and  D^  to  F,.  a&d  let  it  he  ntaeite  to  hiCer^ 
the  ^ywMMS.  What  hse  to  he  deae  k  toloverthe 
cups  1  and  %  and  Taite  the  mtKturj  cups  3  and  7, 
If  thie  ia  dene  ^mtj  fesehlf »  the  ^yeaaoe  awl  oraaito 

the  tene  vhkh  mp^ortt  the  coppv  haoL     The  ntnoi^ 
eefft  eie  eatried  in  pels  (sm  1%.  91)  «a  a  taU%  T,  ad  ^eft  the 

^  i^yiiemi^  <h|p  kk  am  eqp^  end  the  kOsm  hai%  T  aad  iy» 
hehMgj^  to  the  other  side  ^  the  4yvaa^  di^  in  the 
thk  tehk^  T»  ie  oumd  oa  a  par  of  atod  flodt  1;  BT, 

off  toe  tMse  eBs  eepe  tt  hekDoeK  oqt^  hafane^ 
baiaer»  act  aho«a  in  the  iaatm.     Ihe  ihMed  tor  & 
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is  traversed  by  the  pin,  P,  of  a  crank,  C.  Tliis  crank  is  on 
a  shaft,  Q,  working  through  a  bearing,  B,  and  the  other  end 
of  the  crank  is  supported  by  a  pin,  pt  working  in  a  bearing 
in  the  back  of  a  slotted  block,  S,  the  slot  in  which  is  just  wide 
enough  to  receive  the  square  web  of  the  orank  G  when  the 
shaft  Q  is  pushed  forward  by  the  handle  H  as  far  as  it  can 
ga  When  the  shaft  Q  is  pushed  forward  so  that  the  crank 
arm  C  engages  in  the  slot  in  the  block  S,  it  is  easily  seen 
that  the  crauk  can  only  be  moved  round  with  the  mitre 
wheel,  W ;  but  that  when  withdrawn  it  has  an  independent 


FlO.  26. — Diagram  repreMotiDg  Cranks  for  RaisiDg  or  LoweHog  Mercury 
Contact  Cupa  in  Change-over  Switch  at  Rome. 


motion  of  rotation.  By  turning  the  handle  H  when  the 
crank  is  disengaged  from  the  block  S,  the  mercury  cups  can 
be  raised  or  lowered  through  the  distance  of  the  "throw"  of 
the  crank,  but  if  the  crank  is  engaged  in  the  block  S,  then 
the  rise  and  fall  of  the  table  can  be  effected  by  a  rotation  of 
the  wheel  W.  The  crank  can  be  obviously  turned  or  inserted 
into  the  block  S,  either  in  the  upper  position  or  in  the  lower, 
and  then  a  half-turn  of  the  wheel  W  will  either  lower  the 
cups  or  raise  them. 

Imagine  a  series  of   such  cranks  placed  side  by  side  (see 
Fig.  27)  and  each  supporting  its  table  and  pair  of  mercury 
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cupB ;  and  suppose  the  mitre  wheels,  W,  attached  to  each 
shaft  to  engage  iu  a  series  of  mitre  wheels,  W,  all  keyed  on 
one  long  shaft.  If  a  handle,  K,  is  given  half  a  turn,  it  will 
turn  all  the  slotted  blocks  S  half  round,  and  it  will  raise, 
or  lower,  or  not  move,  the  table  corresponding  to  each  crank, 
according  as  that  crank  has  been  engaged  previously  in  the 
slotted  block  in  the  upper  or  lower  position,  or  withdrawn  bo 
as  not  to  engage  at  all. 

It  is,  therefore,  obvious  that  by  an  appropriate  position  for 
each  handle,  any  of  the  pairs  of  mercury  cups  can  be  caused 
to  rise,  or  fall,  or  not  to  be  moved,  when  the  handle  K.  is 


ViQ,  27. — Dtognun  of  Mitre-wheel  Airangemcnt  io  Change-over  Switch 

at  Rom& 


turned  half  round.  Returning  to  Fig.  25,  we  can  now  see 
that  a  mechanism  can  be  suitably  arranged  to  effect  simul- 
taneously the  electric  connection  or  disconnection  of  any 
dynamo  from  any  main,  and  that  any  possible  combination 
can  be  instantaneously  exchanged  for  any  other. 

In  the  change-over  switch  at  Bome  there  are  four  pairs  of 
bars  corresponding  to  the  three  mains,  and  to  a  bank  of 
3,600  lamps  iu  the  station  which  is  used  as  an  artificial  load 
on  which  to  run  up  each  dynamo  to  speed. 

If  any  main  is  being  operated  by  any  dynamo  and  it  is 
desired   to   replace  this   dynamo  by   another,   the   incoming 
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dynamo  is  first  rut  up  to  the  same  amperes  and  volts  as 
that  of  the  circuit  dynamo  it  is  about  to  replace.  The 
change-over  switch  is  thea  brought  into  action  to  interchange 
the  dyuomoe  working  on  the  circuit  and  that  working  on  the 
artificial  load ;  and  bo  perfect  is  the  operation  of  this  switch 
that,  when  smartly  worked,  not  the  slightest  wink  can  be 
on  the  circuit  lamps.  This  switch  is  used  to  replace 
te  small  day  dynamos  by  the  bigger  oncSi  at  nightfall,  and 
when  required,  or  to  effect  any  interchange  necessary.  It 
is,  no  doubt,  an  expensive  switch-board  to  construct,  but  it 
'4oe8  its  work  admirably. 


§  9.  Transformer  Station  at  Leghorn  (LiTomo). — At  Leg- 
horn there  is  a  central  station  in  the  Via  Costanza,  on  the  same 
general  plau  as  that  at  Rome,  for  distribution  of  electric  energy 
by  means  of  transformers.  The  plant  was  constructed  by 
Oaoz,  and  the  machiues  and  regulating  apparatus  are  similar 
in  general  design  to  that  described  in  the  foregoing  sections. 

general  view  of  the  omchine-room  Is  given  in  Fig.  28.  There 
at  present  (1890)  three  combined  engines  and  dynamos  in 
'position.  The  engines  are  direct-acting,  high-pressure  single- 
cylinder  engines  of  150  horse-power,  Btted  with  centrifi^^ 
spring  governors,  the  governor  wheels  forming  also  the  pulley 
by  means  of  which  the  exciters  are  driven.  These  engines  are 
coupled  direct  to  Gauz  alternators  of  the  A  type,  similar  in 
design  to  those  at  Rome.  The  alternators  furnish  at  maximum 
load  a  current  of  40  amperes  at  2,000  volts,  and  are  therefore 
80  kilowatt  machines.  The  dynamos  are  driven  at  a  speed 
of  250  revolutions  per  minute.  The  armatures  have  20  fixed 
bobbins,  and  the  revolving  field-magnets  20  bobbins;  hcnco 
the  current  has  5,000  alternations  per  minute,  or  42  complete 
periods.  The  armature  frame  rests  on  a  massive  bed-plate, 
on  which  is  also  erected  the  engine ;  and  the  arrangement  of 
slotted  bed-plate  and  screw  before  described  renders  it  possible 
to  traverse  the  armature  away  from  the  field-magnet,  and  get 
at  it  for  repairs.  Both  the  field-magnet  cores  and  the  armature 
<;oil  cores  are  built  up  of  laminated  iron  plates.  There  are 
three  such  steam  d^'namos  placed  side  by  side  ;  they  take  steam 
from  a  battery  of  three  Babcock  and  Wilcox  water-tube  boiler^ 
«ach  of  150  horse-power  size. 
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The  exclteTs  are  driven  off  the  governor  wheel  of  each  engine, 
sad  each  furnish  an  exciting  current  of  25  amperee,  at  aa 
E.M.F.  of  100  volta. 

The  alt^miiting  current  furnished  by  the  dynamos  is  employed 
to  feed  about  2,000  incandescent  lamps  of  16  candle-power. 
From  the  station  proceed  two  primary  circuits,  each  oonaisting 
of  a  pair  of  insulated  overhead  copper  conductors  of  38  square 
millimetres  in   cross    sectional   area.      The   primary   current 
supplies  17  transformers  of  7-5  kilowatt  size,  four  of  3*76  kilo- 
watt size,  and  one  of  l'S75  kilowatt  size,  having  their  primary 
circuits  arranged  as   usual    in  parallel  between  the  primary 
mains.     Although  the  station  is  not  a  large  one,  it  is  interest- 
big  from  the  fact  that  the  altomators  are  worked  in  parallel  on 
a  single  primary  circuit  as  a  regular  thing.     The  two  primaxy 
eirouits  start  from  a  switchboard,  which  is  exceedingly  well 
uranged.  The  various  connections  on  it  are  all  made  by  highly 
ioftalated  rubber-coverL'U  copper  wire,  carried  ou  porcelain  iusu- 
laton,  and  the  switches,  cut-outs,  ^tc.,  are  all   on  porcelain 
bases,  and  have  porcelain  handles  or  covers.     At  one  side  of 
the  switchboard  {t<e  Fig.  28)  is  a  bank  of  1,320  incandeBccnt 
lamps.     The  usual  voltmeters,  amperemeters,  and  regulators, 
are  conveniently   placed.      The   automatic   mercury  cup   re- 
sistance described  in  a  previous  section  is  also  employed  to 
maintain  a  constant  potential  at  some  point  ou  the  primary 
circuit,  irrespective  of  the  outgoing  current.  Each  dynamo  and 
engine  can  carry  a  load  of  about  1,200  16  candle-power  lamps. 
When,  therefore,  the  load  on  the  external  circuits  does  not 
exceed  this,  or  equivalent  to  about  a  primary  current  of  30 
amperes,  the  two  separate  primary  cuirents  are  worked  as  one 
circuit  on  one  machine.     After  midnight,  when  the  load  gene- 
rally falls   to  less   than   300  lamps,   it   is   taken   over  by  a 
small   auto- excited   alternator,    worked   by  a  separate  small 
engine.     When,  however,  the  demand  exceeds   1,000 — 1,100 
lamps,  two  of  the  larger  machines  are  worked  in  parallel  on  to 
the  two  primary  circuits  joined  into   one.     The  method  by 
which  this  parallel  working  of  the  alternators  is  practically 
carried  out  is  very  simple.     Let  C,  and  C,  (Fig.  29)  be  the  two 
separate  primary  circuits,  which  may  be  supposed  Co  be  joined 
into   one   circuit   by  the   pings  Pj  Pj.     Let   one   alternator, 
Af,  be  supposed  to  be  working  on  this  single  circuit,  and  that 
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the  time  has  come  irhen  a  second  alternator,  Aj,  has  to  be 
added  in  parallel  with  the  first  one  to  support  the  lamp  load. 

The  Hrst  step  is  to  run  up  the  alternator  A^  to  the  proper 
speed  and  to  set  it  to  work  on  the  station  bank  of  lamps  L  and 
adjust  its  E.M..F.  so  that  it  has  the  same  electromotive  force 
and  current  output  as  the  d^uamo  A^  abready  on  the  circuit. 
From  the  poles  of  each  alternator  proceed  leads  to  a  pair  of 
transformezB,  T^,  T,,  whose  secondaries  are  joined  in  series 
through  a  coaple  of  incandescent  lamps,  l^,  l^  On  closing  the 
double  pole  switch  D  the  transformers  Tj  and  Tj  work  together 
on  the  pair  of  lamps;  and  according  as  the  alternators  A^,  Aj,are 
in  similar  or  in  opposite  phase  as  regards  electromotive  force,  so 
are  the  lamps  /j,  /^  extinguished  or  alight.  The  moment  when 
the  lamps  ^1,  l^f  are  both  out  the  two  machines  Aj,  A^  are  in 
step,  although  on  different  circuits.  As  the  macliines  pass  out 
of  step  the  laxnpe  l^,  l^  pulsate  in  brightness,  i>roducing 
luminous  "  beats  "aa  the  current  pulses  catch  each  other  up. 
At  the  instant  when  the  indicating  lamps  are  not  visibly 
luminous  the  double  pole  switch  Sj  is  closed.  The  dynamo  A^ 
Ib  then  in  parallel  with  A^  on  the  circuit  Cj,  C^;  the  load  of 
lamps  on  L  is  then  removed  little  by  little,  and  the  two 
Alternators  Aj  and  Aj  are  finally  left  working  on  one  circuit. 
Similar  arrangements  allow  all  three  dynamos  to  be  put  in 
parallel.  At  Leghorn  it  is  found  to  be  very  easy  to  throw  in 
one,  two,  or  three  alternators  in  parallel  as  the  lamp-load 
varies,  and  the  machines  keep  each  other  in  step  perfectly 
when  once  they  are  put  in  parallel. 

The  station,  as  will  be  seen  from  the  view  in  Fig.  28,  is  a  one- 
story  building,  and  consists  of  two  rooms,  one  the  boiler-house, 
and  the  other  the  dynamo-room.  The  station  was  opened  in 
October.  1889,  and  has  been  in  successful  operation  ever  since. 
The  station  covers  an  area  of  about  45ft  by  100ft.,  and  the 
present  building  can  accommodate  one  more  150  horso-po^er 
«ngine,  boiler,  and  dynamo,  having,  therefore,  a  capacity  when 
full  for  three  active  dynamos  and  one  reserve,  or  an  effective 
output  of  240  kilowatts,  or  4,000  16  candle-power  lamps  ia 
full  use  and  for  about  6,000  such  lamps  installed.  This  station 
ia  exceedingly  well  arranged  ;  and  as  an  example  of  alternators 
worked  regularly  in  parallel  is  an  interesting  illustration  of 
theory  carried  out  into  effective  practice. 
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§  10.  Transformers  at  Milan.— Althoagh  the  central  station 
at  Milan  was  designed  originally  on  the  lines  of  an  Edison 
direct-current  low-proBsure  station,  it  has  been  found  essential 
to  supplement  the  direct^virrent  plant  by  an  alternating  trans- 
former systom  to  reach  the   outlying  diatricta  of  the  City. 
There  are  at  the  present  time  (1890)  two  combined  engines 
and  alternators  by  Ganz  in  the  Milan  central  station,  which 
machines    are    generally    similar    in    arrangement,    although 
slightly  different  in  details  to  the  steam  dynamos  at  Leghorn. 
These  alternators  are  of  the  80  kilowatt  size,  driven  direct  by 
high-pressure  ougines  at  a  speed  of  250  revolutions,  and  gene- 
rating a  40-ampere  primary  current  at  2,000  volt  pressure. 
There  are  no  separate  exciters,  but  the  alternators  take  exciting 
cun'eut  to  the  amount  of  about  28  amperes  at  110  volts  from 
the  Edison  low-pressure  mains.     These  machines,  of  which  one 
is  a  reserve  on  the  othor,  feed,  with  the  usual  Ganz  regulating 
arrangements,  into  one  single  underground  conductor  of  the 
Siemens  concentric  pattern,  which  runs  from  tho  station  in  the 
Via  St.   Radcgonda   to  the   Dalvermo  and   Fossati  Theatres, 
about  IJ  miles,  or  1,800  metres,  from  the  station.     In  the 
Dalverme  Theatre   there   is   a   bank    of   eleven   transformers 
of  the  7*5  kilowatt  size,  and  in  the  Foasati  Theatre  two  such 
tranafonnei"s ;  these   transformers   feed   between   them  about 
1,300    incandescent    lamps    of    16    candle-power,    8    candle- 
power,  and  10  candle-power.     The  cable  carrying  the  primary 
current  has  a  cross  sectional  area  of  28  square  milUmetres 
in  each  member.     The  insulation  after  three  years  of  working 
is  very  high,  and  is  between  3,000  and  5,000  megohms  per 
kilometre. 

The  transformers  are  of  the  latest  pattern,  as  described  in 
foregoing  sections,  and  the  arrangomcut  for  maintaining  a  con- 
stant potential  at  the  supply  end  of  tho  main  is  similar  to  that 
employed  at  Rome.  The  plant  has  been  in  perfectly  satisfac- 
tory operation  for  three  years,  and  will,  no  doubt,  in  time  be 
greatly  extended. 


§  U,  Other  Transformer  Stations  by  Ganz.— The  distribu- 
tion of  electrical  energy  by  alternating-current  transformers  is 
making  very  considerable  progress  in  Italy,  under  the  system  of 
Ziperuowsky,  Deri,  and  Blathy.     The  following  list  gives  the 
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locality  and  approximate  output  (in  1890)  of  these  stationB  in         ^^^| 
lUly                                                                                                                ^^H 

SUtioD. 

Motive  power. 

Full  c&p&city  in                  ^^^^^| 
kilowatu.                          ^^^^H 

Water 
»» 
i» 
»» 
1* 
It 
?» 
•  t 

Steam 
It 
It 
•t 

t« 
tt 

100                ^^M 

240                     ^^H 

B»ffni,.., 

*  ^ 1 11.. ■.11.. I 

IMIIMTIO  

Cuneo 

I^ilermo 

Perdefaohe  ...•••••• 

Temi 

TreTua 

TaglicoKxo 

Ijeghorn 

MiUn 

Kome 

Syracuse 

Turin 

Venice  

^H             From  the  above  table  it  will  be  seen  that  at  the  date  of         ^^^| 
^H          writing  (1890)  the  output  of  all   the  stations  taken  together,         ^^^H 
^H         which  work  an  alternating  system,  is  about  4,000  horse-power,         ^^^H 

^H         by  this  system  in  utilising  water  power.     Already,  as  is  well-          ^^^| 

^H         and  to  furnish  current  for  lighting  purposes  in  the  City  of                ^H 

^H             At  Marionbad  there  is  a  transformer  station  also  operated  by         ^^^B 
^^m         similar  plant,  which   was   inaugurated  in  Mny,  1889.     Street          ^^^H 

^H         power  employed  at  private  houses  worked  off  a  transformer              ^| 
^H          system.     The  station  is  situated  about  a  mile  and  a  quarter               ^| 
^H         from  the  centre  of  the  town,  and  is  a  brick  building,  having  an               ^H 
^H          area  of  600  square  yards  and  divided  into  a  boiler-ho\ise  and               ^B 
^H         engine-room.     The  dynamos  are  Ganz  alternators  of  50,000              ^H 
^H          watts  output  each.     Four  such  dynamos  are  driven  direct  by               ^H 
^H          'Westiughouse  engines  mode  by  Alley  and  Maclellan,  in  Glasgow.               ^H 
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alternators  gcuerate  current  at  a  pressure  of  2,000  yolts.     The 

primary  and  secondary  conductors  arc  carried  overhead  on 
posts  separated  by  about  35  yards,  and  the  transformers  are 
contained  in  weathertight  receptacles  also  placed  upon  posts. 
Three  alternators  are  usually  coupled  together  in  parallel  during 
the  heavy  time  of  load,  and  one  macliiue  held  as  a  reserve.  The 
dynamos  work  perfectly  well  in  parallel^  and  are  put  ou  or  off* 
the  circuits  by  the  same  arraugemeuta  as  those  described 
for  the  Leghorn  central  btation. 

Tlicrc  iH  a  small  water-power  transformer  station  at  Valree* 
and  DicnIcBt,  which  is  interesting  as  an  example  of  trans- 
misaion  of  power.  Valreas  (Vauoluse)  and  Dieulcfit  (Dr6me)' 
are  electrically  lit  by  means  of  power  taken  from  a  fall  of 
water  at  B^conne,  three  miles  from  Dieulefit  and  nine  milce 
from  Valreas.  At  B^onne  there  are  a  couple  of  horizontal 
turbines,  which  yield  each  about  50  horee-powcr  at  180  turns 
per  minute.  Each  tiurbine  drives  a  Gana  alternator  of  24- 
kilowatts  output  and  an  exciter  of  three  kilowatts  output. 
The  regulation  of  the  turbines  is  effected  by  an  hydraulie 
regulator  by  Bouvier,  and  the  regulation  of  the  primary 
electro-motive  force  at  the  consumption  end  of  the  line 
ia  effected  by  the  use  of  a  mercury  cup  rheostat  as  before 
described. 

The  primary  current  is  conveyed  by  a  bare  overhead  eilicoQ- 
bronze  wire,  of  32  millimetres  diameter  (No.  10  B.W.G.),  and 
a  resistance  of  11*8  ohms,  to  Dieulefit,  and  to  Valreas  by  a. 
similar  wire  of  ^0  millimetres  in  diameter  (No.  3  B.W.G.)  and 
16*1  ohms  resistance.  The  wires  are  carried  on  double-shed 
porcelaiu  insulators.  The  transformers  are  held  in  iron  caseft 
carried  on  posts,  and  from  them  are  distributed  insulated 
secondary  wires  to  the  houses.  The  station,  although  very 
smaUt  olFcrs  an  interesting  example  of  the  conveyance  and 
utilisation  of  water  power  by  transformer  plant. 

lu  Paris,  the  Continental  Edison  Company  carry  out  the 
lighting  of  the  Palais  de  I'filyafee  from  their  station  situated 
about  one  mile  and  a  quarter  away,  by  means  of  Ganz  alterna- 
tors and  transformers.  Two  alternators  of  90  kilowatts  and 
two  of  2i  kilowatts  furnish  current  for  1,800  glow  lamps  in  the 
Palace.  The  primary  current  is  conveyed  at  a  pressure  of 
2,000  volta  by  an  underground  concentric  cable.   The  pressure 
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ia  kept  constant  at  the  far  end  by  the  usual  regulation  of  the 
exciting  current,  which  is  taken  off  from  the  direct-current 
machines  in  the  same  station.  The  four  machines  can  be 
worked  in  parallel  on  to  the  single  main,  and  the  switchboard 
is  arranged  to  permit  this  to  be  done. 


§  IZ  Westlnghouse  Transformer  System.  —  In  the  last 
four  jeara,  beginning  in  1SS6,  the  WcHlinghouse  Electric 
Lighting  Company  has  developed  in  the  United  States  an 
immense  industry  in  the  manufacture  and  erection  of  alter- 
nating-current pUnt  for  distribution  of  electric  energy  by 
transformer  systems.  At  the  present  date  (1890)  there  have 
been  established  by  this  Corporation  in  America  about  300 
central  stations,  comprising  a  total  of  over  500,000  16-candle- 
power  incandescent  lamps  operated  by  alternate-current  trans- 
formers. The  various  portions  of  this  system  have  been  designed 
with  great  care,  and  the  mechanical  and  electrical  construction 
of  all  parts  has  been  brought  to  a  high  level  of  perfection. 
The  standard  typo  of  alternator  is  represented  in  Fig.  30  on 
next  page.  In  this  alternator  the  revolving  portion  constitutes 
the  armature,  and  the  statioiv.iry  magnets  the  field.  The  field- 
magnet  ia  composed  of  a  series  of  radial  magnetic  poles  pro- 
ject'ng  inwards  from  the  interior  of  an  iron  ring-shaped  frame. 
This  frame  is  separable  into  two  parts  along  a  horizontal  line. 
These  magnets  are  arranged  to  have  alternate  polarity  at  the 
inner  ends.  The  magnet  cores  are  formed  of  solid  or  laminated 
wrought  iron,  bolted  to  the  inner  circumference  of  this  cast-iron 
cylindrical  frame.  On  those  cores  are  slipped  exciting  coila 
wound  on  shells,  which  are  held  in  position  by  bolts  at  the 
extremities.  These  field-magnet  poles  are  excited  by  the 
ourrcut  from  a  small  continuous-current  dynamo.  The  arma- 
ture revolves  in  the  cylindrical  space  in  the  centre  of  these 
radial  magnetic  poles.  The  armature  core  consists  of  a  drum- 
shaped  mass  of  laminated  soft  iron,  built  up  of  sheet-irou  discs, 
compressed  together  and  secured  to  the  steel  shaft.  These 
discs  are  pierced  with  holes  for  ventilation.  On  the  surface 
of  this  drum-core  are  laid  flat  coils  of  insulated  wire  wound  on 
formers,  and  laid  ou  side  by  sido,  so  as  to  clothe  the  dnmi  with 
one  single  layer  of  insulated  wire  coils.  The  ends  of  these  flat  coils 
of  wire  are  bent  over  the  flat  ends  of  the  drum,  the  whole  set 
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being  Becnrcd  bj  brass  wire-binding  (nee  Fig.  31).  Tbe  number  of 
ooUs  on  the  drum  is  equal  to  the  number  of  radial  magnetic  field 
poles.    The  coils  on  each  half  of  the  drum  surface  are  joined 


in  series  and  the  two  series  connected  in  parallel,  the  diametral 
terminal  wires  coming  to  collecting  rings  on  the  shaft  The 
azinature  can  be  easily  removed  for  repairs  by  lifting  the  upper 
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half  of  the  ring  shaped  iron  frame  of  the  field,  and  then  taking 
the  armature  and  shaft  out  of  its  bearing  These  boaringa 
an  ball-bearings,  a  section  of  which  is  Bhomi  in  Fig.  32,  and 
oil  is  fed  from  sight-fcod  oil  cups  to  them,  and  working  out 


Fio.  32.— B&ll  Bearings  of  WfMtingbouse  AlUniAtor. 


into  a  drip  pan,  flows  thence  into  a  tank  cast  in  the  hollow 
base  of  the  dynamo,  from  which  it  can  be  drawn  off  and  ro- 
used. The  dynamo  rests  on  a  cast-iron  base,  and  has  the 
necessary  belt-tightening  arrangements. 
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This  djnazno  is  manufactured  in  five  sizee— 

Ko.  0,     500-li^ta,  floor-space    4ft.  Sn.  x  5ft. 
Ko.  1,     750-Iight«,  floor-«<pftce    5ft.  2in.  x  5ft.  bin. 
No.  2,  l,5001ighte,  floor-space    7ft  4iii.  x  7ft. 
Ko.  3,  3,000-UghtB,  floor-<paoe    8f t.  x  7ft.  6in. 
Ka  4,  6,000-lights,  floor  apAoe  lift  x  8ft.  4tn. 

The  capacity  being  reckoned  in  16  candles- power  50- watt  l&mpe. 

In  large  stations,  in  place  of  having  an  exciter  for  each 
machine,  it  is  usual  to  excite  an  entire  battery  of  dynamos 
from  one  or  two  large  exciten  driven  by  separate  engines. 

The  armatures  of  these  dynamos  are  all  wound  to  deliver 
current  at  1,000  volts,  and  the  five  standard  sizes  furnish  at 
full  load  22,  33,  66,  132,  and  235  amperes  respectively.  On 
the  750-ligbt  size  the  total  weight  of  copper  on  the  armature  is 
161b.,  and  as  it  is  disposed  in  a  single  layer  on  the  surface  of 
the  drum  it  is  readily  kept  cool  and  well  insulated. 

The  leading-out  wires  from  the  collectors  are  carried  on  lugs 
on  the  main-bearing  caps.  In  the  No.  3  size,  which  is  a 
commonly  adopted  central-atatiou  size,  there  are  16  mag- 
net poles  projecting  inwards  from  the  frame.  The  exciting 
coils  of  these  magnets  arc  joined  up  in  two  series  of  eight 
coils,  on  the  upper  and  lower  halves  of  the  ring  frame  respeo- 
tively,  and  the  two  series  of  magnot  coils  are  joinefl  up  in 
parallel  These  magnets  are  excited  by  a  continuous  current 
of  about  25  to  30  amperes,  supplied  at  100  volts.  The  speed 
of  revolution  is  1,000  per  minute.  Tlie  armature  coils  are 
joined  up  in  a  like  manner.  The  number  of  complete  periods 
per  second,  or  the  frequency  of  the  alternation  of  the  current 
is  130,  or  8,000  per  minute.  Hence  there  are  16,000  alter- 
nations or  reversals  of  current  ]>cr  minute. 

The  diagrams  in  Figs.  33a  and  33b*  (p.  169)  will  indicate  the 
manner  in  which  these  armature  coils  are  connected,  and  will 
show  how  the  ends  of  the  fiat  armature  coils  are  turned  over 
the  flat  end  of  the  drum  core  to  get  them  out  of  the  way.  The 
centre  of  the  flat  coil  is  occupied  by  a  wooden  lathe  or  core 
and  a  narrow  wood  slip  is  inserted  between  adjacent  coils.  The 
whole  armature  when  clothed  with  coils  is  wound  round  with 


*  Tb«e  dugnum  we  from  the  TlritUh  Specificatioii,  ISo.  9,726,  of  1887. 
&c  aUb  Brit.  Spee^  Xo.  9,723,  of  1887. 
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tarns  of  brass  wire.  The  clearance  space  between  the  surface 
of  the  wire  and  the  end  surface  of  the  magnet  pules  is  very 
«mall.      Ueaoc  the  wire  moves  in  a  very  strong  field.      In 


Fio.  34. — Weatanghouae  Traasfuruier. 


operating  a  battery  of  central-station  dynamos,  the  whole  of 
the  field  circuits  of  the  alternators  are  joined  in  parallel 
with  the  annature  circuits  of  one  or  more  exciting  dynamos 
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operated  by  independent  engines,  the  field-circuit  of  each 
alternator  being  controlled  by  a  double-pole  switch  on  the 
switchboard. 

§13.  Westinghouse  Transformera. — The  transformers  or 
(DonTertora  employed  are  illustrated  in  Fig.  34.  The  iron  cores 
of  the  transformer  consist  of  a  pile  of  sheet-iron  stampings^ 


r 


'     r« 


f' 


Figs.  35. — Sheet  Iron  Stamping  of  Woatlaghouse  Transformer. 


which  are  built  up  to  encase  the  primary  and  secondary  coils. 
The  sheet-iron  stampiugs  are  shown  in  Figs.  35.  The  cross- 
pieces  arc  bent  back  when  the  rectangle  is  slipped  over 
the  coils,  and  re-bent  back  into  place,  so  as  to  enclose 
the  coils  within  the  iron.  Each  of  these  coils  is  composed 
of  double  covered  wire,  coated  with  an  insulating  compound, 
each  layer  of  wire  is  insulated  from  its  neighbour  by  addi- 
tional insulation,  and  the  completed  coil  covered  with  throe 
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pletod  converter  is  enclosed  in  a  cast-iron  box,  the  two  halves  of 
which  are  bolted  together  with  a  waterproof  joint  (»ff  Figs.  37 
and  38).     The  ends  of  the  primary  and  secondary  ooils  are 


Flo.  37. — Weetui>{Luuse  Traa^fonner  in  Iron  Cue. 


brought  out  to  face  plates  under  swing  lids.  There  are  the 
usual  primary  and  secondary  fuses,  these  being  covered  in 
vith  glass  plates.     The  converter  case  has  a  ring  and  lugs  by 
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which  it  is  attached  to  walls  of  buildings  of  to  posts.  A  very 
usual  pracUce  is  to  a£x  the  converter  to  the  cross-arm  of  the 
post  carrying  the  primary  wires  or  to  the  wails  of  a  building 
{see  Figs.  39a  and  39b). 

The  converters  are  manufacturod  in  four  sizes  for  500, 1,000, 
1,500,  and  2,000  watts  output,  or  for  10.  20,  30,  40,  50-volt 


Fio.  38. — Section  of  Westinghoiue  IVvuformer  in  Coho. 


16  candle-power  lamps.  It  ia  generally  the  custom  to  employ 
tho  converters  singly  on  separate  secondary  oirciiits,  and  not  to 
bank  them  with  socondaries  in  parallel  on  the  same  circuit,  as  it 
is  considered  that  if  the  primary  fuse  of  one  converter  "  blows," 
the  additional  load  thrown  on  the  other  converters  is  apt  to  break 
down  the  whole  set.     The  transformer  generally  used  lowers 
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pressure  from  1,000  volU  to  50  volts.  Although  the  con- 
▼ertere  are  very  light,  aud  have  a  smaller  qiiautity  of  iron  in 
the  cores  than  might  be  considered  desirable,  they  appear  to  be 
efficient  in  performance.  Comparatiye  tests  made  by  the 
calorimeter  method  at  the  Electrical  Testing  Bureau  of  the 
Johns  Hopkins  University,  U.S.A.,  in  1889,  gave  results  as 
follows  for  the  electrical  efficiencies  of  these  transformers  at 
yarious  loads : — 

Efficiency  of  WestinghoiUf  Onnvert^rg, 


C^wdtj  of  tnuu- 

fonaer  ui50*To]t 

16  candle-power 

Umpo. 

Power  in  watts 

luppHtrd  to 

prirn&ry 

cixxiuii. 

Output  in 
wnttsoQ 

•econtUry 
circttit. 

WatUloct. 

Efficiency,  in 
percent 

Full  Load, 

10  lamps 
20      ,, 
30      „ 
40      „ 

585-3 
1109-3 
1529-0 
21610 

604-0 

994-3 

1395  0 

2010-0 

81-3 
1150 
134  0 
1410 

85-9 
89  6 
91-2 
93-4 

Half  Load. 

10      „ 
20      „ 
80      „ 

3^4-0 

GGO-5 

883-0 

1243-4 

257  0 
5521 
76!  0 

11200 

77-0 
108 -5 
1320 
123  4 

70  9 
83-6 
8505 

90-08 

Prof.  G.  Forbes,  employing  the  same  calorimeter  method  on  a 
30-light  transformer,  obtained  an  efficiencyof  95  per  cent,  at  half- 
load.  The  calorimeter  method  is,  however,  one  somewhat  difficult 
to  carry  out  with  accuracy,  and  such  discrepancies  in  results  are 
not  unlikely  to  occur  even  between  careful  observers.  Testa  mode 
at  the  Institute  of  Technology,  Mo^ssachusetts,  employing  the 
calorimeter,  and  using  a  20-lipht  converter,  gave  an  efficiency  at 
full  load  of  93  per  cent.*  In  this  case  the  alternations  were 
14,530  per  minute.     Probably  the  most  complete  tests  on  the 


•KUetHoal  Worlds  VoL  XV.,  J&nuary  18,  1890,  p.  46 
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efficiency  of  these  transformers  are  those  of  Dr.  Louis  Duncan 
aud  Mr.  W.  F.  C.  Hassonj  made  in  1890  at  the  testing  labo- 
ratory of  the  Johns  Hopkins  UniverBity,  on  a  750-light  West- 
inghotise  plant.*  The  dynamo  was  driven  through  a  Tatham 
dynamometer  by  an  Armington  and  Siois  engine.  Engine, 
dynamoi  and  dynamometer,  were  bolted  down  to  heavy  timbers, 


FlQ.  39a. — WutinghnuM  TraDsfomier  affixed  to  crosa-arm  of  poat. 

and  the  current  conveyed  to  a  bank  of  transformers  of  the 
40-light  size.  These  transformers  supplied  incandescent  lamps. 
The  efficiency  of  these  converters  was  separately  determined 
by  a  calorimeter  method,  by  placing  them  in  a  metal  box,  with 
double  walls,  between  which  water  was  allowed  to  flow.     The 


*  EUciriciun,  Vol.  XXIV.,  p.  693,  1890. 


DISTBIBUnOy  OF  KLECTRICAI*  CXERGT  BT  TBAXSPOIUCCSS.   179 

temperatures  of  the  -water  at  eiit  and  entrance  were  observed, 
as  well  as  the  weight  of  water  which  passed  throiig;h ;  at  the 
•amc  time  the  current  and  potential  difference  in  the  Bccondary 
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circuit  of  the  converter  waa  measured.  A  aeries  of  corrections 
had  to  be  applied  for  radiation.  A  40-light  aiul  a  ^0-light  con- 
verter were  tested,  with  resulta  as  given  on  the  next  page. 

n2 
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Efficiency  of  a  WesCin^house  Converter ^  4^-LighU 
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Efficitticy  of  a  Wesiimjhouse  Converter^  20-Light, 
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Experiments  at  slightly  difl'erent  primary  poteutial  differences 
ehowcd  that  tlie  loss  in  the  iron  varied  very  nearly  as  the  square 
of  the  voltage. 

The  efficiency  of  the  converters  being  determined^  that  of 
the  dynamo  alone  could  be  found.  A  aeries  of  experiments 
was  made,  in  which  the  power  supplied  to  the  pulley  of  the 
dynamo  was  compared  with  the  electrical  power  taken  up  in 
the  lamps  on  the  secondary  circuits  of  the  transformers,  and  as  a 
result  the  net  or  over-all  efficiency  of  the  system  determined. 
The  lamp  load  was  taken  at  ^,  ^,  }  and  full  load,  and  the 
power  determiued. 


EffiHenry  of  ISOLifjhi  Westmghouse  Plant  at   Various  Loadt, 
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Looking  at  these  Bgures,  wo  see  that  there  is  even  at  no 
load  only  a  small  loss  in  the  converters  themselves,  hut  there 
is  a  very  conaidemble  loss  in  the  dynamo  armature.  The  twenty 
40-light  converters  supplying  the  7 50  li^^^ ta  at  full  load 
absorb  only  some  2,000  watts,  or  about  3-horso  power,  when 
the  secondary  circuits  are  open  ;  but  since  the  total  loss  is  at 
full  load  equal  to  IS-horse  power,  it  follows  that  there  is  a  loss 
of  10-horse  power  in  the  dynamo  at  full  load.  From  the  above 
figures  it  appears,  however,  that  at  full  load  the  commercial 
efficiency  of  the  alternating  dynamo  in  itself  reaches  some 
where  about  86  per  cent.  Taking  a  commercial  load  diagram 
for  the  24  hours,  and  reckoning  the  average  diurnal  or  "  all 
day  "  efficiency  of  such  a  750-light  plant,  we  find  it  to  be 
about  60  per  cent.  That  is  to  say,  if  such  a  plant  were 
continuously  sui)j>lying  incandescent  lamps  in  ordinary  houses 
€0  per  cent,  of  the  energy  given  to  the  dynamo  in  the  24 
hours  would  be  represented  by  electrical  energy  in  the  lamp 
circuits,  and  the  rest  would  be  dissipated  in  the  machine  and 
oonverters.  In  actual  central-station  work  good  arrangements 
and  proper  selection  of  the  size  of  unit  machine  would  keep 
the  working  dynamo  plant  A'ery  nearly  fully  loaded  at  the 
various  hours  of  the  day,  and  a  considerably  higher  average 
efficiency  might  be  attained  in  the  all-day  use  of  such  properly 
divided  plant.  Further  reference  will  be  made  to  the  question 
of  the  reduction  of  the  diurnal  waste  as  far  as  regards  the 
tranaformerb  aud  the  relative  advantages  of  tranafoi-mur  coutrea 
and  large  and  small  transformers. 


§  14.  Switchboards  and  Begolators.  —  The  switchboard 
arrangements  in  this  system  are  particularly  well  devised.  A 
switchboard  ia  generally  set  up  for  each  dynamo  and  for  five 
or  six  feeders.  The  usual  American  practice  is  not  to  work  the 
alternating  current  dynamos  in  parallel,  although  this  is  quite 
practicable,  but  to  permit  each  dynamo  to  supply  two  or  more 
feeding  or  primary  circuits  at  full  load,  and  tlieu,  as  the  load 
goes  off,  to  group  or  gather  together  the  feeders  on  to  one  or 
two  dynamos  in  order  to  keep  the  working  dynamos  as  far  as 
possible  fully  loaded  up.  figure  40  shows  a  switchboard 
arrangement  (not»  however,  the  newest  form)  for  two  dynamos 
and  four  primary  lines. 
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Fio.40 
WostmghouM  Switchboard  for  Two  DynMiiM  Mid  Four  CSrcuiU. 
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Commencing  at  the  bottom  of  tlie  awit^iLboard  we  see  four 
rheostats.  The  two  small  ones  at  the  centre  oootrol  the  field 
circuits  of  the  exciters.  It  is  the  usual  practice  to  provide  each 
station  having  more  than  one  dynamo  with  duplicate  exciters, 
each  having  a  capacity  sufficient  to  charge  the  ticlda  of  all  the 
alternate  dynamos.  Only  one  excitor  is  in  use  at  a  time,  the 
other  standing  idle  as  a  reserve.  It  follows,  therefore,  that  the 
governing  of  the  electromotive  force  of  all  the  alternators  is 
effected  by  an  introduction  of  resistance  into  the  field  circuit  of 
this  exciter. 

The  control  of  the  electromotive  force  of  each  separate  alter- 
nator is  effected  by  the  introduction  of  resistance  into  the  field 
circuits  of  these  machines  by  the  rheostats  on  cither  side  of  the 
middle  ones.  The  small  changing  switches  between  the  rheo- 
stats are  for  connecting  either  exciter  with  either  dynamo  at 
will,  and  for  connecting  the  field  circuits  of  both  dynamos 
together.  Over  the  rheostats  are  shown  four  sets  of  trunk 
wires,  each  cousisting  of  two  heavy  parallel  copper  rods. 
Between  each  upj}cr  and  lower  set  are  three  changing  switches. 
The  wires  leadin*;  to  the  middle  couuection  of  the  centre  switch 
come  from  the  Xo.  1  dynamo,  wbotte  current  can  be  delivered 
to  the  upper  or  lower  truuk  wires  at  pleasure.  The  two  outside 
switches  of  each  triplet  enable  the  primary  wire  attached  to  the 
centre  connection  of  the  switch  to  be  put  in  connection  with 
either  trunk  circuit  at  pleasure.  Between  the  two  sets  of 
trunk  wires  are  seen  two  multiple-arcing  switches,  which 
enable  the  dynamos  to  be  run  in  p>ara11el  if  desired,  and  a 
sjmchroniser  or  phase  indicator  is  provided  as  described  in 
connection  with  the  Leghorn  Central  station  (see  §  9)  to  enable 
the  dynamos  to  be  put  in  parallel  when  in  phase. 

Over  the  trunk  wires  come  a  row  of  six  safety  catch-holders, 
each  with  double  fuses  and  plug  cut-outs.  Over  these  safety 
{Uses  are  four  voltmeters,  each  with  its  attendant  compensator 
above  it.  These  voltmeters  serve  to  measure  the  pressure  at 
the  far  end  of  the  line,  and  the  compensator  corrects  the  volt- 
meter reading  for  the  fall  in  volts  along  the  line.  Between 
the  voltmeters  on  the  dynamo  main  comes  the  amperemeter. 
At  the  top  of  the  switch-board  is  a  row  of  small  transformers, 
which  serve  to  reduce  the  pressure  for  the  voltmeter.  It  is 
easily  soeu  that  a  large  variety  of  po^sibLe  changes  are  readily 
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effected  with  a  switch-board  of  this  kind,  and  that  it  enables 
one  attendant  to  regulate  a  number  of  feeding  or  primary 
circuitfl.  In  larger  central-station  switch-boards  the  arrange- 
ment is  somewhat  different.  For  each  feeding  or  primary 
main  there  is  a  separate  panel,  and,  by  an  arrangement  of 
plug  BwitchcR,  any  one  of  tbe  whole  battery  of  dynamos  can 
be  worked  on  to  this  feeder.  Also,  by  a  throwover  switch  in  the 
centre  of  this  board,  this  feeder  can  be  instantly  thrown  over  on 
to  any  other  selected  dynamo.  Hence  it  becomes  the  easiest 
operation  to   group,  or  collect,  or   change  over  tlie  feeders 


Fia.    41.— Kapp'c  Method    of    Regulating 
Electromotive  K.irce  at  Uie  termination  of  a  Fio.  42. 

feeder  F.  P  is  a  primAry  coil  in  eericfl  with  the 
feeder  F,  aud  S  ia  a  secondary  coil  in  shunt 
off  the  omnibus  mains  0  0.  More  or  leas  of  the 
tuTDs  of  S  are  t4irown  into  circmb  as  required. 

from  one  machine  to  the  other  ;  and  American  practice  has 
seemed  to  indicate  that  this  arrangement  is,  on  the  whole, 
easier  to  operate  than  working  the  dyuumos  in  parallel 

Wlien  several  feeders  proceed  from  one  dynamo,  and  on  these 
supply  lines  different  consiimption  exists  than  in  each  of  the 
primaries,  the  fall  in  volts  may  require  adjustment  from  time 
to  time.  To  introduce  resistance  into  the  feeder  would  be  a 
very  crude  device;  the  necessiiry  independent  adjustment  of 
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the  ToltB  at  the  far  end  of  the  feeder  can  be  better  obtained  hj 
a  method  due  to  Mr.  G.  Kapp.*  Let  O,  0,  Fig.  41,  be  the 
cmoibaa  bars  from  which  the  feeders  start.  The  feeder  F  has  in 
aeries  with  it  one  coil,  P,of  a  tnuiEfomier,  the  other  coils  of  which 
18  a  shunt  across  the  omnibus  bars  ;  by  inserting  more  or  leas  of 
the  turns  of  the  ooil  S  into  circuit  hy  a  shifting  contact,  a  little 
auxiliary  volts  arc  put  into  the  feeder  by  the  indnctire  action  of 
the  coil,  vhich  is  in  shunt  across  the  omnibus  bars.  This  regu- 
lating device  may  be  so  designed  as  to  add,  or  be  capable  of 
adding,  50  to  100  volts  to  the  1,000  or  2,000  volts  already  on 
the  feeder ;  hence,  a  movement  of  a  lever  enables  the  station 
engineer  to  adjust  with  great  accuracy  the  volts  at  the  far  end  of 
the  feeder,  and  to  do  this  for  each  feeder  independently,  even 
thoogh  all  may  be  working  off  one  dynamo,  f 

The  arrangement  employed  for  determining  the  volts  at  the 
t^r  end  of  the  feeder  is  essentially  the  same  as  the  method 
already  described  in  connection  with  the  Ganz  system.  The 
voltmeter  is  in  series  M-ith  tbc  secondary  circuits  of  two  trans- 
formers, one  of  which  has  its  primary  in  series  with  the  feeder 
circuit,  and  the  mher  of  which  has  its  primary  as  a  ahuutaoroflB 
the  feeder  (see  Fig.  42).  The  electromotive  forces  of  these  two 
transformeTB  are  opposed  to  one  another.  Since  the  secondary 
electromotive  force  of  the  transformer  in  shunt  is  proportional  to 
the  primary  electromotive  force,  and  since  the  secondary  electro- 
motive force  of  the  transformer  in  series  is  proportional  to  the 
primary  current  strength,  the  difference  between  the  two  is  pro- 
portional to  V-  R  C,  where  V  is  the  primary  volt  and  C  the 
primary  current  strength.  As  already  explained,  this  difference 
ia  proportional  to  the  pressure  at  the  far  end  of  the  fee«ier,  and 
by  proper  adjustment  the  voltmeter  can  be  made  to  indicate  this 
pressure,  without  any  need  for  pressure  wires  nm  back  to  the 
station.     In  the   Westinghouse    system,  the    necessary  trans- 


•  See  Prne.  Imt.  EUct.  Eng.  London.  Vol.  XVIIL,  p.  215,  1889. 

f  Full  deL&iU  of  this  method  of  Mr.  Kkpp  may  be  obtained  by  ooa- 
aultang  hut  Bntiah  Specifics tioD,  No.  4345  of  1888.  The  ^*anablc  turns  on 
the  feeder  tra.n«funner  may  be  placed  either  id  the  secoodary  circuit  or  in 
the  priuiiiry  circuit.  Practically  the  saine  invention,  witTi  idight  mi>difica- 
tioiM,  «u  jiatented  by  the  Wettinghouae  Electric  Oimpany  for  StUlwoU 
is  »  Britiah  Siiccification,  No.  3844  of  1889.  Further  device*  are  patented 
by  Mr.  Kapp  in  a  BritUh  Specification,  No.  6728  of  1889.  The  We«tuig- 
liuuae  people  call  this  device  a  "  UxMtur.'* 
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fonners  for  this  purpose  are  put  together  into  a  box  and  called 
a  compensator  (w«  Fig-  43);  all  that  has  to  be  done  ia  to 
connect  the  voltmeter  to  the  compensator.* 


Fi-.;.  ^15.— W-stinK']! 


L%.M.,. 


*  The  ea«eatifti  priociple  of  tliia  metliutl  of  meaxuriug  the  volts  at  the 
fmr  end  of  «  lino  without  prewure  wires,  and  also  of  keeping  the  rolu 
oonatont  at  the  f&r  end*  irrespective  of  load,  is  explained  in  Dr.  J. 
HopIunBou'd  British  Speci&catiuo,  ^'o.  3576  of  1882. 


F^O*  45. — Diagram  of  Coiineitinn«  of 
Stage  Regulator.  T  is  tUe  Trana- 
funncr  ;  H,  the  Stage  ]lcguI*tor  ; 
aiid  L,  Uic  Stage  LaiuiM. 


Fin,  46-— WcfitinRhnuse  "  Hoase 
Kcfculator."  T  is  the  House 
Trausfuniier ;  H,  Houm  Kcgu- 
lalor  ;  L,  Lami«. 


lights,  is  shown  in  Fig.  44.  It  consists  of  two  connected  coils 
of  wire,  with  an  iron  core  not  quite  so  long  as  one  bobbin  sliding 
through  both.  One  coil  may  be  called  the  seizes  and  the  other 
the  shunt  coil.     The  diagram  above  (Fig.  45)  shows  the  mode 
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of  connection  to  the  lamp  circuit  and  transformer.  Wben  the 
iron  core  is  pushed  wholly  within  the  shunt  coil  it  bestows  upon 
it  Buch  inductance  that  it  blocks  out  all  current  through  the 
shunt,  and  the  lamps  will  be  at  their  full  brilliancy.  On  gra- 
dually drawing  the  iron  core  out  of  the  ahuut  coil  and  into  the 
series  coil  the  inductance  of  tho  scries  coil  is  increased,  and  that 
of  the  other  is  diminished.  Hence  the  current  through  the  lamps 
ia  diminished  by  both  actions,  ami  the  lamps  become  less  bright. 


Fio.  46i. — Woatlughousc  Qauno  Lamp  Regulator. 

A  somewhat  similar  arrangement  is  provided  for  a  house 
regulator.  Across  tho  secondary  circuit  of  the  house  tninsformer 
is  a  single  coil,  H  (see  Fig.  46),  and  the  several  sections  of  this 
ooil  are  brought  up  to  a  revolving  contact,  R.  By  turning  a 
handle,  S,  more  or  less  impedance  can  bo  inserted  in  the  lamp 
circuit.  The  coil  also  acts  as  an  auto-convertcr,  and  can  be  made 
to  raise  tho  lamp  ▼olts  slightly  above  the  volts  at  the  terminals 
of  the  transformer.  The  coils  of  the  regulator  which  project  as  it 
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were  beyond  the  points  a  6,  at  which  the  transformer  secondary 
circuit  is  joined  in,  have  inductive  electromotive  force  sot  up  in 
them  by  the  neighbouring  coils,  which,  being  added  to  the 
actual  secondary  or  impressed  electTX)motive  force,  between  a  6, 
make  it  possible  to  have  the  volts  on  the  lamps,  L,  actually 
higher  than  the  secondary  terminal  volts  at  the  traosformer. 
The  general  appearance  of  the  house  regulator  is  shown  iu 
Fig.  46  a. 


§  15.  Typical  Westinghouse  Tranafonner  Stations. — One  of 
the  largest  stations  for  the  supply  of  electric  current  by  the 
Westinghouse  traiisfurmer  system  is  at  Pittsburgh,  Pa.,  in  the 
United  States.  The  boilers  at  this  station  are  of  the  water- 
tube  type,  heated  by  natural  gas.  The  engines  are  of  the  well- 
known  standard  Westinghouso  engines,  and  stand  on  square 
blocks  of  concrete  or  masonry,  the  blocks  for  the  size  used, 
250  horse-power,  being  about  7ft.  by  5ft.  Five  of  these 
engines  drive  five  alternating  current  dynamos,  each  having  a 
capacity  for  3,500  16  candle-power  incandescent  lamps.  Be- 
sides this  there  is  a  Corliss  engine,  driving  another  dynamo. 
The  exciters  are  driven  from  separate  smaller  engines.  The 
engines  driving  the  alternating  dynamos  make  250  revolutions 
per  minute,  aud  the  dynamos  1,050.  The  power  of  the  engines 
is  conveyed  to  the  dynamos,  which  are  placed  on  a  floor  above, 
by  belts.  Kach  dynamo  is  fixed  on  a  sliding  bed,  so  that  the 
belt  can  be  tightened.  The  general  construction  of  these  alter- 
nators has  been  described  in  a  previous  section.  From  the 
dynamos  the  mains  ore  run  to  the  switchboard  in  troughs  cut 
in  the  joists  supporting  the  floor.  The  switeh  board  at  Pitta- 
burgh  is  about  Oft.  high  and  14ft.  long,  and  stands  away  from 
the  wait  of  the  dynamo  room  about  3ft.  to  enable  access  to  be 
had  behind  it  for  making  all  connections. 

One  single  exciter  dynamo  is  used,  another  being  in  reserve, 
to  provide  exciting  current  for  several  machines,  and  con- 
venient switches  are  placed  on  the  board  to  ouable  the  excita- 
tion to  be  effected  by  either  of  the  exciters.  The  general 
details  of  the  board,  as  well  as  the  arrangements  for  measuring 
and  regulating  the  pressure  at  the  far  end  of  each  feeder,  have 
been  already  described.  This  station  furnishes  current  for 
about  13,000  incandescent  lami»  (1890). 
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A  very  typical  Westinghouse  statioo,  operating  overhead 
primary  conductors,  ia  that  at  Eaat  Liberty,  Pa.,  U.S.A.  The 
service  from  thia  Btation  covers  a  very  extended  area,  com- 
prising the  busincbs  portion  uf  tlie  city,  which  lies  at  au  average 
distance  of  half  a  mile  from  the  station,  ramifyiug  through  an 
extended  acnes  of  residence  streets,  and  carrying  a  special  line 
to  a  distant  suburb  in  which  the  last  lamp  is  four-and-a-quarter 
miles  from  the  dynamo.  The  arranfieineut  of  the  building  is 
ahown  in  Fig,  47.  A  one-storied  brick  building  contains  ofiices, 
Btorett,  dynamos,  and  boiler  room.  The  plant  has  an  aggre- 
gate capacity  of  about  8,000  Ughta.  Dynamos  and  en^es 
are  on  the  same  floor,  every  j>art  of  which  ia  under  the  eye  of  a 
angle  attendant.  The  engines  and  dynamos  stand  on  brick 
foundations.  Each  engine  ia  belted  to  its  o^vn  dynamo.  The 
steam  pipe  is  brought  along  overhead,  and  the  engines  exhaust 
into  a  main  laid  in  a  covered  trench  underneath  the  floor.  Two 
exciters  arc  provided  as  shown  on  the  left  of  the  dynamo  room, 
each  adequate  to  supply  current  to  the  entire  station,  and  each 
driven  independently  by  its  own  engine.  Only  one  exciter  and 
engine  is  operated  at  once.  The  position  of  the  exciters  and 
engines  ia  such  that  by  changing  a  belt  either  engine  can  drive 
either  exciter.  Two  overhead  crane?  traverse  the  whole  length 
of  the  buildings  over  the  engines  and  dynamos.  Using 
natural  gas  to  fire  the  boilers,  attendance  ia  reduced  to  a 
minimum,  aud  one  attendant  in  the  dynamo  room  can  give 
all  necessary  attention  to  the  engines,  dynamos,  excitei-s,  and 
switch-board.  The  reduction  of  labour  to  a  minimum  13 
especially  made  an  object  in  the  desifoi  of  these  American 
stations. 

In  connection  with  these  transformer  stations,  a  system  of 
street  incandescent  lighting  has  been  worked  out,  which  is 
very  efficient,  and  enables  a  largo  amount  of  street  lighting 
over  scattered  areas  to  be  taken  up,  but  which  would  not  be 
remunerative  if  primary  mains  and  transformers  had  to  be 
placed  along  the  whole  route.  Starting  anywhere  from  one 
primary  nmin  or  feeder,  P  (»«  Fig.  48),  a  angle  line  is  run 
following  the  route  of  the  proposed  street  lighting;  and  at 
every  place  where  a  street  light,  L,  ia  required,  au  imj)cdance 
or  choking  coil,  I,  is  placed  having  a  low-resiHtanoe  series 
incandescent  lamp  across  its  terminals.     This  line  is  then  so 
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run   that   it  tenninatos  at  some  distant   spot  oa  the  otlier 
member  of  that  same  primary  line  or  feeder.     Suppose  that 


Fig.  49. — Wu^tUi^houBe  Impodance  Cuil  (or  Soriee  Lighting. 


the  primary  pressure  is   1,000  volte,  and   that  10  volt  low- 
resistauco  lamps  are  used,  there  can  be   100  Buoh  eoib  and 
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lampB  on  that  aeries  line.  The  impedance  coil  is  contained  in 
a  box  on  the  bracket  that  carries  the  lamp  (sfe  Figs.  49,  50). 
If  any  lamp  breaks,  the  impedance  coil  is  thereby  thrown  into 
the  circuit  and  lowers  the  current  just  by  that  amount  which 
keeps  the  rest  of  the  lamps  on  that  circuit  from  being  over 
burnt.  Hence  the  breakage  of  auy  of  the  lamps  does  not 
affect  the  light  of  the  rest,  nor  does  the  removal  of  one  lamp 
in  any  way  affect  the  operation  of  the  others,  although  the 
lampe  are  all  in  series. 


Fro.  60. — 8«rt««  Street  Lamp  and  Ixnpedaaoe  Coil. 


§  16.  Wcstinghouse  Central  Stations  in  England. — 
Sardinia  Street. — One  of  tho  largest  of  these,  now  completely 
finished  and  in  active  operation,  is  that  in  Surdinia-street, 
Lincoln's  Inn-fields,  London.  The  erection  of  this  station 
was  begun  in  August,  1888,  and  on  September  21,  1889,  cur- 
rent was  first  supplied  from  it.  The  dynamo  plant  and  engines 
were  constructed  by  the  Westinghouse  Company,  and  it  was 
arranged  and  fitted  up  by  this  last-named  Corporation  for  the 
Metropolitan  Electric  Supply  Company  of  London.  The 
Sardinia-street  station  is  a  very  complete  and  typical  station 
for  the  supply  of  electric  currents  on  tho  alternating-current 
transformer  system.  It  conaists  of  a  subetantial  two-storey 
building,  in  the  construction  and  design  of  which  the  highest 
possible  architeetural  and  engineering  skill  has  been  applied 
to  cope  with  the  difficulties  which  might  arise  from  noise  or  vibra- 
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lion  in  a  building  so  placed  m  the  centre  of  a  closely  inhabited 
Metropolitan  area.  It  may  broadly  be  described  as  a  box 
within  a  box ;  that  is  to  aay,  the  central  portion,  or  machinery 
rooms,  are  enclosed  in  a  building  which  is  itself  contained  in  a 
closed-in  space ;  and  the  communication  of  aerial  vibration  ia 
thus  greatly  limited  by  the  double  walla  with  intervening  space 
which  separate  what  may  be  called  the  vitals  of  the  station 
from  the  external  space.  The  communicatio;i  of  vibration 
through  the  foundations  has  been  prevented  by  the  most  care- 
fully arranged  methods,  and,  generally  speaking,  the  whole 
problem  of  iuatalling  a  steam  plant  of  the  magnitude  required 
in  such  a  manner  as  to  avoid  the  difficulties  inherent  in  such  a 
work,  has  been  dealt  with  in  a  manner  which  speaks  highly  for 
the  skill  and  experience  invoked.  The  general  plan  of  the 
station  ia  shown  in  Figs,  51,  52  and  53.  The  chimney  shaft  is  of 
white  glazed  brick  externally,  and  the  whole  building  ia  lined 
internally  with  white  glazed  brick,  which  gives  it  a  very  clean 
appearance.  The  ample  space  in  the  dynamo-room,  engine- 
room,  and  boiler-house  render  the  working  of  the  station  most 
comfortable  to  the  staff. 

On  the  ground  or  entrance  floor  are  placed  the  engines  ($ee 
Fig.  52).  The  dynamos  and  exciters  are  on  the  floor  above,  and 
are  driven  by  belting  passing  up  throtigh  the  floor.  The  boiler- 
house  is  on  a  lower  level  tlian  the  engine-room,  and  the  coal 
store  ia  so  arranged  that  the  ooal  is  shot  down  from  the  street 
level  direct  into  it. 

Entering  on  the  engine-room  level,  which  opens  into  a 
covered  yard,  we  find  a  double  row  of  Westinghouse  com- 
pound engines.  Five  of  these  engines  are  each  of  2.30  horse- 
power, and  five  are  of  a  rather  larger  size,  making  in  all 
a  provision  for  the  actual  production  of  about  3,000  horse- 
power. Behind  one  series  of  those  main  engines  stand 
tliree  Westinghouse  engines  of  65  home  power,  each  of  which 
serves  to  drive  the  exciter  dynamos.  The  main  engines  have 
high-pressure  cylinders  of  14in.  diameter,  and  low-pressure 
cylinders  of  24in.  diameter  and  14in.  stroke,  and  are  techni* 
cally  known  asl4x24xl4  engines.  The  exciter  engines  have 
high-pressure  cylinders  of  lOin.  and  low-pressure  cylinders  of 
I  Sin.  and  lOin.  stroke.  These  Westinghouse  engines  are  so  well 
known  that  space  need  not  be  occupied  by  detailed  description 
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of  thorn.  They  are  high-speed  engines,  making  200  revolutions 
per  minute,  and  having  a  piston  speed  of  GSSft.  per  minute. 
At  Sardinia-etreet  they  are  worked  non-condensing.  Each 
engine  is  built  up  on  a  brick  and  concrete  platform  which  rests 
on  a  bed  of  felt  and  sheet  lead,  this  in  turn  reposing 
on  the  concrete  foundations.  By  this  device  the  communica- 
tion of  "thump"  through  the  foundations  is  prevented. 
This  series  of  separate  engines  forms  a  steam  plant  which 
oan  be  divided  up  and  operated  in  such  a  manner  as  to 
secure  that  the  engines  actually  in  use  are  being  worked 
as  nearly  as  possible  at  thotr  full  power.  Each  engine  drives 
its  own  alternating  current  dynamo  on  the  floor  above  by 
means  of  a  leather  belt.  These  belts  are  20in.  in  width  and 
made  of  the  finest  leather,  spliced  with  bevelled  joints  to  avoid 
any  double  thickness  at  a  joint.  The  engines  take  steam  from 
a  ring  steam  main  and  exhaust  into  a  single  exhaust  pipe  largo 
enough  for  3,000  horse-power.  E^h  section  of  the  ring  steam 
main  can  be  isolated  by  stop  valves,  so  that  any  section  can  be 
cut  out  without  afTectiug  the  rest.  Descending  down  one  flight 
of  steps  into  a  lower  level  we  find  ouraelves  in  the  boiler-house, 
in  which  are  erected  twelve  Babcock  and  Wilcoi  water-tube 
boilers,  each  capable  of  evaporating  G^OOOlb.  of  water  per  hour. 
These  boilers  are  set  iu  two  rows  face  to  face  down  the  aides  of 
the  boiler-house,  the  length  of  the  house  being  about  100ft. 
Ample  space  to  stoke  is  left  between  the  furnaces  ;  and  down 
the  centre  of  the  gangway  runs  a  tram-line,  on  which  the 
coal  trolleys  are  run  from  the  coal  store  to  the  furnace 
mouth.  Underneath  this  gangway  are  the  blow-off  tanks  and 
piping. 

The  boilers  are  flupplied  with  water  by  three  Worthington 
steam-pumps,  any  two  of  which  will  do  the  whole  work  ;  and 
the  feed  is  so  arranged  that  it  can  be  taken  either  through  the 
feed-water  heaters,  of  which  there  are  three,  or  by  a  by-pass 
direct  into  the  boilers.  The  boilers  are  fed  from  both  drums. 
The  water  tank  is  large  enough  for  twelve  hours'  work  at  full 
load,  and  there  ia  also  a  water  supply  direct  from  the  mains.  The 
boilers  can  be  thus  supplied  either  direct  from  the  mains  or  from 
the  water  tank,  and  the  water  can  be  taken  either  through 
the  feed-water  heaters  or  direct  into  the  boilers.  The  floor  of 
the  boiler-house  is  about  eight  or  ten  feet  bolow  the  level  of 
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the  street,  so  that  dirt  cannot  be  carried  into  the  engine-room. 
The  boiler-house  has  a  glass  sky-light  roof,  and  is  comfortable 
and  spacious.  At  the  end  of  the  boiler-house  is  the  coal  store, 
capable  of  holding  about  500  tons  of  coal.  Into  this  store  the 
coals  can  be  shot  down  from  the  coal  carts  in  the  street 
above  by  shoots.  There  it  ia  handled  into  the  coal  trolleys  and 
goes  at  OQoe  by  the  boiler-huuse  tramway  to  be  delivered  at 
each  ashpit  It  is  thus  seen  that  the  minimum  of  labour  is 
required  both  in  stoking  and  iu  coal  handling.  The  boilers 
all  feed  their  atcam  into  a  ring  main,  the  general  plan  of 
the  steam  piping  being  shoxm  in  Fig.  Al. 

Ascending  on  to  the  first  floor,  above  the  engine-room 
we  find  ourselves  in  a  huge  and  well-lighted  dynamo-room 
(»«  Fig.  63).  Here  are  ten  Westinghouse  alternate-ctirrent 
dynamos,  of  125  kilowatts  output  each,  providing,  there- 
fore, for  a  total  output  of  1,250,000  watts,  or  for  a  supply 
of  20,000  50-watt  lamps,  all  burning  at  one  time.  These 
dynamos  are  respectively  driven  by  the  belting  coming 
up  from  the  associated  engine  on  the  floor  below.  The 
belts  and  pulleys  are  covered  in  with  belt  ahielda.  £ach 
dynamo  generates  an  alternating  current  at  a  presaure  of  about 
1,050  volts  when  running  at  its  normal  speed  of  1,030  revolu- 
tions per  minute.  These  dynamos  are  technically  known  as 
the  "  No.  3 "  size.  They  are  bolted  down  on  strong  wooden 
frames,  and  have  the  usual  belt  tighteners  and  screws.  All 
moving  parts  of  the  dynamos  arc  supplied  with  oil  from  sight- 
feed  lubricators,  which  are  themselves  fed  from  an  oil  tank 
placed  at  a  higher  level.  From  this  oil  tank  proceed  a  system 
of  oil  pipes  to  each  dynamo.  The  waste  oil  runs  away  dowa- 
Btairs  by  waste  pipes ;  it  is  cleaned,  filtered,  and  pumped  up 
again  to  the  oil  tank  by  a  small  pump.  By  this  excellent 
arrangement,  which  is  characteristic  of  American  engineering, 
the  use  of  oil  cans  is  rendered  entirely  unnecessary. 

The  detailed  description  of  this  size  and  typo  of  Westing- 
house  alternator  has  been  given  in  §  12  of  this  chapter.  A 
few  further  details  of  its  construction  may  here  be  given. 
The  armature  is  composed  of  sheet-iron  discs,  which  are 
punched  out  in  the  centre  so  as  to  leave  wheel-shaped  iron 
lamints  {see  Fig.  54).  These  sheets  are  put  together  without 
paper   betweeu    them,  but  are  previously,  however,    slightly 
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oxidised  or  rusted.  It  is  found  that  the  thin  layer  of 
oxido  has  auffioient  electric  non-conductivity  to  arrest  oddy 
currents,  but  yet  not  any  disadvantageous  magnetic  non-con- 
ductivity. These  iron  discs  are  assembled  on  the  steel  shaft, 
and  compressed  by  massive  screw-nuts  between  end  plates.  The 
soft-iron  plates  are  carefully  annealed  after  being  punched,  so 


Fia  54.— Sheet-InjD  Dbc  of  WestinRbpuae  Armature  Core. 


as  not  to  require  touching  with  tools  after  this  annealing.  On 
this  iron  core  ia  laid  a  layer  of  asbestos  and  mica,  and  then  on 
this  the  flat,  link-ahaped  coils  of  insulated  wire.  These  coils 
consist  of  one  layer  of  wire  formed  into  a  flat  coil  of  13  turns. 
Each  coil  ia  27in.  long  in  the  straight  p%rf,  5*5iii.  wide;  and  the 


Fia  65. — Siagle-Flat  Coil  of  Westinghouae  Armature. 

aperture  of  the  coil,  which  is  flUed  in  with  a  wooden  lathe,  is 
lin.  wide  («rf  Fig.  55).  Hence  there  are  27x26-702in.  of 
active  wire  on  each  coil.  These  coils  are  laid  on  the  drum,  and 
are  just  so  long  that  the  curved  ends  of  the  coils  can  be  bent 
over  the  end  of  the  drum.  Sixteen  such  coils  are  laid  on, 
having  one-quarter  of  an  inch  space,  occupied  by  a  wood  strip, 
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between  adjacent  ooils.  The  coils  ore  then  bound  on  the 
■drum  with  brass  wire,  the  wire  of  the  coils  being  protected 
by  asbestos  and  mica  insulation.  The  surface  of  the  core 
is  quite  smooth,  and  the  flat  wire  coils  are  kept  in  position 
and  driven  round  simply  by  the  friction  due  to  the  binding 
wire.  The  coils  on  each  half  of  the  drum  are  joined  up  in 
A  series  of  eight,  and  the  two  series  are  joined  together  in 
parallel.  Hence,  each  coil  contributes  125  volts  to  the  electro- 
motive force,  which  is  at  the  rate  of  less  than  six  inches  of  wire 
to  the  volt.  The  wire  of  the  armature  coils  is  double  cotton- 
oovered  and  insulated  with  a  special  insulating  varnish.  The 
ends  of  the  coils  where  they  are  turned  over  the  flat  end  of 
the  drum  are  defended  by  bronze  shielding  plates.  The  whole 
Armature  is  thirty  inches  in  diameter  over  all.  In  addition  to 
the  end  plates  another  disc  is  provided  at  one  end,  with  radial 
etrips  which  act  as  a  ccntriftif^al  fan  and  draw  air  through  the 
apertures  in  the  core  to  assist  in  keeping  it  cool. 

The  armatures  of  all  the  machines  being  exact  facsimiles 
are  interchangeable.  By  means  of  an  overhead  traveller,  which 
runs  the  whole  length  of  the  dynamo-room,  it  is  a  matter  of 
a  few  moments  to  lift  otf  the  top  half  of  the  tield-magnet  of 
any  dynamo,  lift  its  armature  out  of  its  bearings,  and  replace 
it  by  another.  This  construction  of  armature  is  both  simple  to 
re^mir,  and  admits  of  very  high  insulutiou  being  attained  lu 
practice.  The  ring-shaped  field-magnet  frames  carry  aixteeu 
magnet  poles  projecting  inwards.  Those  poles  arc  solid  oast 
iron,  and  are  27in.  long,  2*5in.  wide,  and  8in.  long.  On  to  these 
poles  are  slipped  the  shells  or  frames  carrying  the  fleld-niAgnet 
ooils.     These  poles  are  alternately  N.  and  S. 

The  field  magnets  are  excited  by  continuous  current  from 
three  shunt-wound  exciters.  Each  of  these  exciters,  which  is 
driven  by  itu  own  engine,  can  furnish  a  continuous  current  of 
300  amperes  at  an  E.M.F.  of  100  volts  ;  and  as  each  alternator 
only  requires  27 — 28  amperes  to  excite  it  at  full  load,  it  is  seen 
that  one  exciter  can  feed  the  whole  battery  of  ten  alternators. 
The  exciters  are  ordinary  horizontal  double-magnet  shunt-wound 
continuous-current  machines.  They  have  pulleys  with  paper 
driving  surface,  and  ure  the  usual  form  of  Westinghouse  exciters. 

The  arrangements  in  the  dynamo-room  for  etTecting  all  the 
necessary   interconueotions   and    changes    between    dynamos, 
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exciters  and  feeders,  liave  been  elaborated  with  great  care,  and 
the  methods  iu  use  at  Sardinia-street  arc  the  outcome  and  final 
result  of  au  immouse  and  expensive  experience  iu  other  places. 
The  process  of  evolution  of  machinery  is  always,  or  abnost 
always,  from  the  complex  to  the  simple ;  the  process  of  discard- 
ing or  shedding  oft*  unnecessary  organs,  and  reducing  the  parts 
to  the  fewest  possible,  is  one  in  which  advance  shows  itself. 

On  entering  the  dynamo-room  of  the  Sardinia-street  Station, 
we  are  struck  at  once  by  the  immense  and  handsomely 
finished  switchboard.  It  occupies  a  great  part  of  the  length 
of  one  side  of  the  dynamo-room,  and  is  about  64  feet  long, 
aud  1 1  feet  in  height.  It  stands  away  from  the  wall  by  about 
a  couple  of  feet,  allowing  sufficient  room  for  workmen  to  pass 
behind  it,  and  to  make  or  renew  all  the  multitudinous  connec- 
tions which  are  made  by  highly  insulated  cable  behind  this 
board.  The  front  of  the  switchboard  is  divided  into  twenty 
panels,  the  base  of  each  panel  being  of  enamelled  slate  framed  in 
polished  wood.  From  the  dynamo-room  proceed  twenty  fcedore, 
or  primary  mains,  and  as  there  are  ten  alternators  and  three 
exciters,  the  combinations  which  have  to  be  effected  are  aa 
follows: — (1)  Any  group  of  alternators  must  be  capable  of 
being  excited  by  any  exciter.  (2)  Any  one  or  group  of  fuedera 
must  be  capable  of  being  worked  off  any  alternator  or  group  of 
alternators.  (3)  Any  given  alternator  must  be  capable  of 
being  made  the  **  stand-by,"  or  reserve  machine,  to  any  working 
dynamo  or  group  of  dynamos  ;  and,  lastly,  any  group  of  alter- 
nators must  be  capable  of  being  worked  in  parallel  together 
on  any  primary  main  or  mains.  (4)  All  these  changes  have  to 
be  made  instantly,  certainly,  and  without  confusion,  by  one 
person. 

We  shall  best  explain  the  principle  on  which  this  is  done  by 
giving  a  diagram  and  description  of  a  gmaM  portion  of  one- 
half  of  a  single  panel  of  the  switchboard.  We  shall  limit  our 
attention  to  a  combination,  first,  of  a  single  feeder  and  three 
alternators,  and  show  how  these  changes  are  effected.  Refer- 
ring to  Fig.  56,  let  1,  2,  3,  V.  2',  3',  be  the  leads  from  three 
alternators,  No.  1,  No.  2,  and  No.  3.  These  leads  are  termi- 
nated on  brass  plug  blocks,  a,  &,  c,  a\  h\  c',  fixed  on  the 
panel.  On  either  side  of  this  group  of  blocks  are  foiu-  common 
bars,  A,  y,  A',  g'j  and  plugs  can  be  inserted  in  the  holes  to 
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oonneot  a,  b,  c,  &c.,  with  ^,  h,  &c.  The  primary  main 
F  F'  terminates  on  the  centre  of  a  duplex  double-pole  switch 
between  the  bars.  When  this  switch  is  thrown  up  it  conuecta 
F  F'  with  bars  p  and  g'.  When  it  is  thrown  down  it  connects 
F  and  F'  with  bars  h  and  h'.  The  handle  of  this  switch  has 
three  positions  in  which  it  will  stand  Brm  :  1st,  one  in  which 
F  and  F'  are  both  disconnected  from  G  and  G',  and  also  from 
H  and  H'  ;  2nd,  an  upper  position,  or  one  in  which  Fand  F' 
are  connected  to  G  and  G'  ;  and  3rd,  a  lower  position,  or  one 
in  which  F  and  F'  are  connected  to  H  and  H'. 

Primary  Mam 


M  W\\^ 


^1    Ih 

H      H 


u 


7I0.66. 


This  being  understood  let  ua  suppose  that  plu^  are  inserted 
in  the  four  holes  marked  with  a  shaded  circle,  and  let  the  centre 
switch  be  in  the  upper  position.  Then  alternator  I  is  con- 
nected with  the  primary  main  F,  F',  and  may  be  considered  to 
be  workinjj:  on  it.  Let  alternator  No.  3  be  kept  turning  slowly 
round,  and  let  ns  suppose  something  goes  wrong  with  No.  1 
machine.  The  engineer  simply  calls  down  for  the  alternator 
No.  3  to  be  run  up  to  full  speed,  which  can  be  done  in  a  few 
seconds.  He  then  snaps  over  the  centre  switch  from  top  to 
bottom  position,  and  the  instant  result  is  that  the  main  line  is 
changed  over  from  machine  No.  1  to  machine  No.  3.  Let  ua 
also  imagine  that  it  is  required  to  run  atternatora  No.  1  and 
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No.  2  in  parallel,  and  to  have  No.  3  as  a  reserve.  This  can  be 
effected  by  putting  plugs  in  the  holes  joining  blocks  b  and  ft 
to  bars  g  and  g\  in  addition  to  those  already  in. 

This  being  clear,  all  that  remains  to  be  said  is  that  at 
Sardinia-street  each  aemi-panel  of  the  switch  board  contains 
two  such  rows  of  ten  blocks,  like  a,  6,  c,  ii:c.,  and  four  bars  like 
^1  ^  9\  ^'t  i^^  ^  centre  switch,  as  shown  in  Fig.  57. 

Each  complete  panel  is  the  double  of  this,  and  supplies  a  pair 
of  primary  mains,  making  the  two  to  each  dynamo,  and  the  ten 
double  panels  oorrespond  to  the  twenty  mains.     On  looking  at 


Jio.  67. 


^  ^4wm»4  men  ovmiwx 


the  board  when  the  dynamos  are  working  we  see  a  set  of 
plugs  plugged-in  to  join  the  dynamo  blocks  a,  i,  c,  Ac,  to  the 
omnibus-bars  g  g\  &c.,  and  we  see  a  plug  in  the  corresponding 
holes  of  all  the  panels,  which  is  the  plug  belonging  to  a  spare 
maohina  We  can  thus  have  the  feeders  grouped  in  any  way 
on  the  working  dynamos,  and  we  can  have  a  spare  machine 
which,  as  it  were,  waits  on  all  of  them,  and  is  ready  instantly  to 
take  the  place  of  any  working  machine  that  gives  out.  Thus 
wc  may  suppose  five  feeders — 1,  2,  3,  4,  and  5 — are  working 
off  dynamos  No.  3,  7,  and   9,  grouped   as    follows  : — Na   3 
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works  feeders  1  and  2,  No.  7  works  feeders  3  and  4,  and 
No.  9  works  feeder  5.  Also  let  dyuamo  No.  5  be  a  reserve 
machine  turning  slowly  round.  If  No.  3  dynamo  were  to  be 
found  to  be  getting  hot  bearings,  No.  5  reserve  would  be 
started  up,  and  switches  of  panels  No.  1  and  No.  2  thrown 
over.  The  reserve  machine  could  then  step  into  the  shoes  of 
No.  3.  Or,  if  No.  3  machine  were  to  be  found  to  be  overloaded, 
one  of  its  feeders^  say  No.  1,  could  be  thrown  over  on  to  a 
reserve  machine.  It  will  thus  be  seen  that  the  possible  com- 
binations are  endless,  and  that  the  engineer  need  never  be  in 
a  "  tight  place "  by  reason  of  not  being  able  to  re-adjust 
the  load,  or  to  relieve  a  particular  machine  unequal  to  its 
work. 

We  have  next  to  describe  how  the  exciters  are  coupled  in. 
This  is  rendered  plain  by  a  diagram  of  connections  engraved 


0(t)[|](|)0  Y ' 

■S   ■  7      t      7       I  / 


Fm.  59. 


on  a  brass  plate  and  fixed  to  the  switchboard.     This  diagram 
is  given  in  Fig.  58.     The  connections  are  shown  in  Fig.  59. 

Let  three  pairs  of  mains  be  arranged  between  three  double 
p(^e  switchoSf  X,  Y,  and  Z.  When  all  these  switches  are  closed 
it  forms  a  closed  circuit.  Between  these  mains  are  joined  in 
parallel  all  the  armatures  of  the  three  exciters  A,  B,  and  C,  and 
a]]  the  fields  of  the  ten  alternators,  each,  however,  being  capable 
of  being  cut  out  by  its  own  private  double  pole  switch.  It 
will  then  be  seen  that  by  suitably  closing  the  private  switches 
(marked  by  a  small  cross  in  the  diagram),  and  by  manipulating 
the  switches  X,  Y,  or  Z,  the  exciters  can  be  used  to  excite 
any  group  or  groups  of  the  alternators  in  a  very  varied 
maoner.    The  five  centre  pimela  of  the  switchboard  are  devoted 
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to  these  exoiter  switches,  and  the  centre  panel  of  all  has  on  it 
the  BwitohcB  X,  Y,  and  Z.  If,  therefore,  anything  goes  wrong 
in  the  dynamo^room,  the  engineer  in  charge  fliea  to  the  centre 
panel  of  the  board.  From  this  spot  he  can  see  the  whole 
dynamo-room,  and  every  dynamo  has  its  number  painted  con- 
spicuously upon  it.  Hence  he  can  see  at  once  what  to  do  to 
take  that  machine  out  of  circuit. 

Over  each  panel  of  the  board  and  in  connection  with  each 
primary  main  is  an  amperemeter,  a  voltmeter  and  the  volt- 
meter compensator.  This  last  device  which  enables  the  volt- 
meter in  the  station  to  read  the  volts  at  the  far  end  of  the 
primary  main  has  already  been  fully  described. 

There  is  also  a  standard  station  voltmeter,  by  which  all  the 
othotia  arc  adjusted.  Underneath  the  panel  there  are  the 
variable  resistances  to  bo  inserted  in  the  field  circuit  of  each 
alternator  as  required,  and  the  resistances  to  be  inserted  in  the 
field  circuit  of  the  exciters  for  regulating  the  exciting  current. 
By  these  resistances  the  exciting  field  of  any  alternator  can  be 
controlled  independently  of  alt  the  rest,  and  the  volts  at  the 
far  end  of  its  aaaociated  mains  kept  to  the  standard  voltage. 
Also  by  the  resistances  in  the  fields  of  the  exciters  the  electro- 
motive force  of  any  simultaneoualy  excited  group  of  alternators 
can  be  raised  or  lowered  as  required.  It  will  thus  be  seen  that 
a  vast  amount  of  thought  and  skill  has  been  brought  to  bear  on 
the  design  of  these  arrangements  with  the  object  of  reducing 
to  a  minimum  the  labour  required. 

The  distributing  system  of  mains  in  connection  with 
Sardinia-street  is  an  underground  system.  Highly  insulated 
leads,  covered  with  vulcanized  indiarubber,  are  drawn  through 
iron  pipes  laid  under  the  footways  or  roadways. 

The  underground  conductor  system  employed  consists  of 
iron  conduits  into  which  are  drawn  highly  insulated  mains, 
mostly  Silvertown  electric  light  cable  (Class  L),  the  size  chiefly 
in  use  being  {^.  The  pipes  arc  of  iron,  cast  vertical  and  in 
nine  foot  lengths.  These  iron  conduits  are  laid  under  the  foot- 
ways and  sj)lit  T  pipes  are  inserted  for  the  customers*  "  take 
off"  but  no  jtmction  or  jointing  boxes  ore  used.  The  general 
sjrstem  of  main  laying  is  to  lay  the  mains  in  "rings," 
drawing  in  the  cable  in  short  engths,  and  taking  both  ends  of 
each  such  length  into  the  consumers'  premises.     The  diagram 
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in  Fig.  GO  will  make  clear  the  arrangctQent  followed.  This 
arrangement  in  "  rings "  ensores  that  each  customer  gets 
hia  supply  in  duplicate,  and  the  "ring"  can  be  cut  anywhere 
without  interfering  with  the  continuity  of  the  supply  of  any 
consumer  ;  and  any  section  can  be  cut  out  and  tested  or 
replaced  at  any  time  As  the  present  price  of  coal  necessi- 
tates working  at  a  current  density  of  about  GOO  amperes  per 
square  inch,  it  is  clear  that  even  if  the  "ring"  is  cut  any- 
where  the  cable  will  not  become  overloaded.  Each  of  the  sec- 
tions or  lengths  from  customer  to  customer  is  without  jomt, 
axul  no  making  of  T  juints  (always  a  dllGcult  matter)  is  required. 


Fio.  00. — The  Metrupoliuiu  CV>mpany'«  SyBteui  uf  Ring  Mains. 


If  a  house  at  B  (Fig.  60)  requires  a  supply  the  main  from  C  to 
D  can  be  disconnected  from  the  cut-outs  even  with  the  current 
on,  and  one  or  both  the  halves  of  that  section  of  the  cable 
drawn  out  of  the  conduit  and  replaced  by  new  lengths,  the  old 
lengths  being  returned  to  stores  and  used  for  other  tiinuiar 
work ;  or  one  of  the  lengths  may  be  drawn  through  with  a  new 
short  length  of  the  proper  dimension  attached  to  the  end.  It 
only  remains  to  add  that  Westinghousc  transformers  arc  used, 
although  not  exclusively,  in  connection  with  these  mains,  and 
that  the  transformers  are  placed  in  customers'  premises  and 
distributed  over  the  network  of  primary  mains. 
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guiflhiDg  feature  is  to  be  found  in  the    ODBtraction  of  the 

annature. 

The  field  magnets,  like  that  of  the  incandeecent  light 
machine,  are  composed  of  a  series  of  solid  iron  radial  pole* 
pieces  having  alternating  polarity,  projecting  inwards  from  a 
ling  frame.  On  these  cores  are  a  series  of  bobbius,  each 
independent  of  all  the  others,  which  arc  wound  on  shells 
and  can  be  readily  replaced  if  injured.  Tho  field  may  be 
charged  from  a  separate  exciter,  in  large  stations,  wherever  a 
separate  oxcicer  is  constantly  running,  or  the  machine  can  be 
constructed  so  as  to  be  self-exciting. 

The  magnet  framo  ports  along  a  horizontal  plane  through 
the  shaft,  and  so  admits  of  the  upper  half  of  the  dynamo 
being  readily  removed  for  the  replacement  of  an  armature  or 
fidd  coiL 


Flo.  62.— The  Westinghouee  Arc  Light  Alternator.     PerepeoUve  view  of 

Armftture. 

The  dynamo  is  reversible  on  its  base,  and  can  run  in  either 
direction;  hence  it  is  adapted  to  all  situations.  It  stands 
upon  a  fixed  base,  upon  the  ways  of  which  it  can  be  shifted  by 
means  of  a  belt-tightening  screw. 

Five  sizes  of  arc-light  dynamos  are  manufactured,  having 
the  following  capacity,  rated  in  lamps  of  so-called  2,000 
Dominal  caudle-power  each : 

No.  00,      26  Lights.     ...     Floor  Space,    55fin. 


0, 

40 

1, 

60 

2, 

125 

3, 

250 

65in. 
5ft  8iin. 
7ft.  9in. 
9ft  Sin. 


X  43|in. 

X  62^ia 

X  73|in. 

X  79iin. 

X  83in. 


The  principle  of  conversion  of  current  renders  it  possible  to 
build  dynamos  of  the  large  capacity  above  given  without 
introducing  dangerously  high  potentials  in  the  line  wires. 
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The  armature  is  shown  in  perspective  in  Fig.  62,  and  in  tzans- 
verse  seotion  in  Fig.  63.  It  will  be  noted  that  in  this  case  the 
armature  coils  are  not,  as  in  the  incandescent  light  dynamo, 


Fia  63. — The  Weatinghouae  Arc  Li^bt  Altcruttur.     Tnnwrerse  section  of 

Annature. 


Fio.  63a.— Details  of  Annftturek 


Fig.  64.~Tbe  Westiughouae  Arc  Light  Alternator.    Annature  Coil. 

in  the  shape  of  flat  coils  placed  on  the  periphery,  but  consist 
of  oblong  coils  (Fig<   64)   which   are  wound  separately  on 
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formora,  and  then  by  means  of  a  clamping  tool  (Fig.  64a)  are 
squeezed  into  poeition  around  projections  on  the  cores  of  the 
armature,  which  are  provided  with  overlapping  iron  teeth. 
After  the  coils  have  been  placed  in  poeition  the  spaces 
between  the  teeth  are  filled  out  with  wedges,  which  are  dove- 


Fio.  64a.— ClampiDg  TuoL 

tailed  and  slid  in  from  the  side,  so  that  no  further  fastening 
is  required  to  keep  the  cchIs  or  the  wedges  themselves  in 
position.  The  peculiar  Pacinotti  construction  of  the  armature 
core  with  the  overlapping  teeth  has  the  effect  of  maintaining 
the  current  constant  at  all  loads,  so  that  there  is  no  regulating 
apparatus  whatever  required  for  that  purpose. 


^o.  66. — Form  of    Soft   Iron  Disk   uwsd  in   building  up  Armature  of 
Weitiii^ouae  Alternator  for  Constant  Current. 

The  armature  core  is  built  up  of  piles  of  thin  wreught-iron 
sheets  stamped  out  to  a  shape  shown  in  Fig.  65,  having  teeth  so 
designed,  and  of  such  length,  that  they  slightly  overlap  the  dis- 
tance between  two  consecutive  pole-pieces,  so  that  one  tooth  Is  not 
out  of  the  field  of  any  one  magnet  before  another  enters  that  field- 

The  body  or  core  thiis  made  of  these  laminated  iron  plates 

pimched  out  of  the  sheet  metal,  when  clamped  together,  haa 

f3 
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thuB  deep  undercut  channels  along  the  face  for  the  reoep* 
tion  of  the  armature  coils.  The  riba  of  metal  which  separate^ 
the  channels  carry  the  armature  coils.  These  coils  are  inde- 
pendent and  detachable,  and  are  securely  wedged  in  place, 
as  stated,  by  blocks  of  seasoned  wood  driven  into  the  space 
between  them,  and  held  in  place  by  looking  under  the 
projecting  shoulder  of  the  rib.  The  necessity  of  exterior 
insulation,  and  the  wrapping  of  the  armature  with  binding 
wire,  is  thus  entirely  avoided.  The  absence  of  surface- 
winding  makes  it  possible  to  run  the  armature  much  closer  to- 
the  field-poles  than  is  practicable  in  other  forms  of  construc- 
tion. As  is  well  known,  the  general  effect  of  decreasing  the 
clearance  between  armature  and  fields  within  certain  limits  is- 
to  increase  the  efficiency  of  the  dynamo.  The  form  of  con- 
struction here  employed  makes  it  easy  to  take  full  advantage 
of  this  fact.  Brass  shells  cover  each  end  of  the  armature^ 
protecting  the  ends  of  the  coils. 

At  the  side  of  the  dynamo  there  is  an  apparatus  consisting 
of  a  solenoid  with  a  single  core.  It  is  a  short-circuiting 
apparatus,  and  its  object  is  to  protect  the  machine  from  the 
results  of  a  break  in  the  line.  By  this  means  the  counter 
electromotive  force  generated  in  the  armature  is  such  as  to  cut 
down  the  heavy  current  to  the  noi-mal  strength,  so  that  no 
dangerous  heating  of  the  armature  coils  can  take  place.  The 
apparatus  is  so  constructed  that  an  excess  of  electromotive 
force  generated  in  the  armature,  such  as  would  be  caused  by  a> 
break  in  the  line,  causes  a  spark  to  pass  between  two  points ; 
this  allows  sufficient  current  to  paas  to  energize  the  solenoid, 
which  pulls  up  its  core  aud  makes  contact  between  two  poiuta 
that  short-circuit  the  armature. 

There  is  still  another  safety  device  of  the  same  nature, 
which  oousists  of  two  metal  points  placed  opposite  each  other 
on  the  armature  shaft  and  connected  respectively  to  the 
collector  rings.  Upon  the  current  exceeding  a  certain  value 
the  spark  formed  between  these  two  points  causes  a  short- 
circuiting  of  the  machine,  aud  a  consequent  cutting  down  of 
the  current,  duo  t<j  the  increased  self-induction. 

The  machines  now  built  and  in  course  of  construction  vary 
in  cai>acity  from  25  lights  to  240  lights.  The  speeds  of  these 
machines  are  considerably   lower  than  those  employed  in  the 
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Incandescent  system,  and  the  uumbor  of  altomations  per 
second  is  also  far  below  that  of  the  former,  the  average 
number  approximating  7,500  alternations  per  minute,  as 
compared  with  16,000  for  the  incandescent  machines.  The 
machines  Noa.  2  and  3  are  provided  with  two  sets  of  windings 
connected  to  two  pair«  of  collectors,  so  that  two  independent 
circuits  can  be  run  from  one  machine. 

Coming  uow  to  the  apparatus  intermudiarj  uetwuen  the 
dynamo  and  the  lamps,  we  find  it  to  consist  of  converters 
which  do  not,  of  course,  differ  in  principle  from  those  used  in 
connection  with  the  incandescent  system  of  distribution ;  but 
for  this  particular  purpose  converters  of  a  peculiar  construction 
are  in  some  instances  desirable.  In  ordinary  incaiHleftcent 
systems  the  primary  and  secondary  of  tbe  converter  are 
usually  80  designed  that  the  ratio  of  reduction  of  potential 
between  them  is  comparatively  a  high  one,  usually  such 
«s  20  to  1.  In  this  system,  however,  a  series  of  con- 
verters of  various  capacities  are  designed,  in  which  the 
ratio  of  the  primary  to  the  secondary  is  aa  1  to  1,  uid  in 
others  as  1  to  3.  Tbe  windings  in  tbe  1  to  1  converters  are 
evidently  identical  for  the  primary  and  secondary.  Though 
on  first  consideration  this  might  be  considered  a  curious  con- 
dition, the  reason  therefor  will  become  apparent  when  it  is 
•considered  that  by  the  employment  of  such  converters  no 
^eater  potential  is  admitted  to  a  baildiug  In  which  there  is 
one  lamp,  for  instance,  than  is  required  for  that  particular  lamp, 
and  leaving  the  same  perfectly  safe  to  be  Imudled,  as  the 
|>otential  required  for  each  lamp  does  not  exceed  50  volts. 

The  lamps  employed  in  connection  with  this  system  are  of 
two  general  types,  known  as  the  long  and  short  lamps,  and 
designed  respectively  for  outdoor  and  indoor  use.  The  distin- 
guishing feature  of  these  lamps  ($ee  Fig.  66)  oonsista  in  the 
fact  that  they  are  designed  to  bum  flat  carbons  whose  life 
ap])roximate3  to  -10  hours  in  the  case  of  the  long  lamp,  and  to 
A  somowhat  shorter  period  in  tbe  case  of  the  short  lamp. 
Thus,  in  the  long  lamps  two  carbons  are  employed,  the  dimen- 
<ions  of  which  are  9Jin.  by  2in.  by  y^in.  In  the  short  lamp 
the  length  of  the  carbon  is  reduced  to  6in.  The  mechanism 
of  the  lamp  is  very  simple,  and  consists  in  a  rack  movement 
which  ii  regulated  by  a  solenoid  in  the  main  circuit,  and  by 
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uiother  of  high  resistance^  which  is  placed  in  shunt  to  the 
arc.  Both  of  theso  are  provided  ^ith  cores  huilt  up  of  bundles 
of  6ne  wires,  so  as  to  avoid  heating,  and  to  Inorease  their 
sensitiveness. 


FlCL  66.  — WestiaghoUtt  Arc  TAn^pf. 

There  are  several  accessory  devices  employed  with  toe 
system,  one  of  which  is  a  double  safety  cut-out  {$ee  Fig.  67). 
This  consists  of  the  usual  strips  of  fusible  metal,  but,  in 
addition,  the  points  which  they  span  are  shunted  by  a  6nd 
German-silver  wire.  It  frequently  happens  that  upon  thtt 
fusing  of  the  usual  safety  atrip  an  arc  forma  at  the  breaks 
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which  is  apt  to  travel  backward  and  burn  the  contacts,  and 
thus  ruin  the  entire  device  before  the  arc  is  broken.  Bj 
employing  the  German-Bilver  ahunt  arouud  those  points  the 
fusing  of  the  fusible  strip  immedintely  sends  the  current 
through  the  shunt,  which  at  once  fuses,  breaking  into  small 
pieces  and  forming  directly  a  break  of  six  inches  between  its 
terminals — a  distance  which  the  arc  is  incapable  of  following. 

A  series  of  tests  have  been  made  on  this  system,  showini^ 
its  efficiency  under  various  conditions;  and  for  that  purpose 
we  give  above  a  table  showing  the  results  of  a  test  carried  out 
at  the  works  of  the  Westiughouse  Electric  Company  tn  Pitta- 
burgh.  These  tests  were  made  on  a  No.  2  30-ampere  machine, 
operating  120  lights.     The  engine  was  of  Uie  Westinghouae 


Fio.  67.— Wofltingbouse  "Cut^Oui"  with  Fuse  Ooard. 


single-acting  two-cylinder  type,  the  diameter  of  the  oyliuder 
being  14Jin.  and  the  length  of  stroke  30in.  The  curves 
shown  in  Fig.  68  represent  graphically  the  results  given  in  the 
table.  From  these  it  will  be  seen  that  the  machine  at  very 
light  load  has  a  comparatively  low  efficiency  j  but  beginning 
with  forty  lamps  up  to  the  full  capacity  the  efficiency  rapidly 
increases  until  at  full  load  it  approximatos  87  per  cent,  and 
then  the  energy  per  lamp  required  is  '75  horse-power. 

In  further  explanation  of  the  action  of  this  arc-light  dynamo, 
we  may  add  that  the  regulation  for  constant  current  depends 
primarily  upon  the  fact  that  the  armature  is  wound  with  a 
sufBcient  number  of  turns  to  produce  in  it  a  high  self-induotioo, 
and  consequently  a  lag  in  the  current  approaching  90  deg. 
when  short-circuited.      According  to  a  well-known  law,  the 
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curreut  lag,  as  related  to  the  impressed  electromotive  force,  is 
reduced  by  the  introductiou  of  re&ist&uce  into  the  circuit,  and 
approaches  coincidence  with  the  phase  of  electromotive  force 
as  its  limit.  The  magnetisation  of  the  field  is  so  related  to 
that  of  the  armature  that  when  an  armature  pole  is  opi>osite 
to  a  6e1d  pole,  and  the  magnetising  effects  are  in  contrary 
directions,  the  resultant  magnetisation  is  reduced  to  a  very 
small  amount.  These  two  elements  combine  to  produce  an 
effective  rate  of  cutting  of  lines  of  force  approximately  propor- 
tional to  the  external  rcsistiuioo  in  the  following  way  : — When 
the  armature  rotates  with  a  Iiigh  resistance  in  circuit  the  lag  is 


Fig.  6ti. 

small,  and  the  maximum  curreut  flows  in  approximate  coinci- 
dence with  the  majciinuni  of  electromotive  force — that  ia,  M'hen 
an  armatiu'e  pole  is  au  intermediate  position  betweeu  two  field 
poles.  The  direction  of  current  is  opposite  to  that  in  the  field 
coils  of  the  pole  it  is  approaching.  lu  other  words,  the  maxi- 
mum point  in  the  curreut  phase  occurs  about  90  dcg.  in 
advance  of  the  coiucidenco  of  two  poles  of  similar  jjolarity.  A 
reduction  of  resistance  in  the  work  circuit  causes  a  log  in  the 
current  phase,  so  that  the  maximum  point  is  reached  at  an 
instant  in  time  more  nearly  coincident  with  the  opposition  of 
similar  poles ;  and  when  the  armature  coils  are  short-circuited 
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and  the  lag  reaches  its  maximum,  the  magnetisation  of  the 
armature-polo  occurs  approximately  at  the  time  of  ita  passage 
under  a  6eld-pole  of  opposite  polarity.  Since  the  windings  of 
the  field  and  armature  are  such  as  to  set  up  approximately 
equal  magnetic  potentials  in  opposite  directions,  the  rate  of 
cutting  of  lines  of  force  is  now  reduced  to  a  minimum  value 
sufficient  to  cause  the  flow  of  a  normal  current  through  the 
coils.  The  current  characteristic  curve  of  the  machine  can 
be  made  to  approach  as  nearly  to  a  straight  line  as  can  the 
electromotive  force  characteristic  of  a  constant  potential 
dynamo  with  varying  current. 

The  objects  which  the  Westinghouse  Company  had  in  view 
in  this  system  were — first,  to  enable  them  to  build  larger 
machines  for  arc  lighting  (and  thus  increase  the  size  of  the 
plant  unit)  without  unduly  increasing  the  potential  of  the 
current ;  and,  secondly,  to  enable  them  to  insulate  the  lamps 


FlQ>.  63.— lU-AuipGre  Circuit. 


themsclvea  from  the  high-tension  mains.  It  is  evident  that  a 
constant-current  system  must  necessarily  be  a  series  system, 
if  there  is  to  he  any  variation  iu  the  load  ;  and  the  present 
system  is  one  in  wliich  the  converters  are  connected  in  series 
with  the  line.  Constant  current  in  the  primary  of  a  converter 
means  that  if  the  windings  are  as  I  to  1  the  current  in  the 
secondary  is  absolutely  limited  to  a  value  a  little  below  that 
of  the  primary  current;  or,  if  the  windings  are  as  1  to  3,  for 
instance,  then  the  current  in  the  secondary  is  limited  to 
slightly  less  than  one-third  the  primary  current.  This  limita- 
tion of  the  strength  of  curreut,  combined,  as  it  necessarily  ia, 
with  a  very  rapid  rise  of  volts  iu  the  secondary  if  the  current 
foils  in  consequence  of  an  increase  of  resistance  in  the  secondary 
circuit,  is  precisely  what  is  wanted  to  ensure  stability  and  conse- 
quent absence  of  flickering  in  arc  lighting;  resistance  coils  such 
aa  are  required  in  all  cases  when  arc  lamps  are  run  on  constant 
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pot-ontial  circuit*  being,  of  course,  dispensed  with.  The  fiystero 
ia  intended  more  especially  for  street  lighting  ;  but  in  America 
private  users  are  also  largely  supplied  by  it.  When  the 
number  of  lamps  required  on  a  single  circuit  does  not  exceed 
60,  a  current  of  10  amperes  ia  employed,  in  vbich  case  the 
converters  can  be  dispensed  with  altogether  in  the  case  of 
street  lamps,  if  uo  objection  is  made  to  their  being  in  counec- 
tiou  with  the  high-teusion  mains.  In  towns  and  cities  where 
this  system  has  been  adopted,  private  users  have  also  been 
allowed  to  have  lamps  sup})Ued  direct  without  tho  use  of  con- 
verters, if  they  wisti  to  avoid  the  cost  of  the  converter,  and 
accept  the  risk  as  regards  the  high  tension. 

Fig.  69  is  a  diagram  of  a  10-ampcro  circuit.  AAA  represent 
private  oonsumcrB'  lamps  supplied  with  the  use  of  oonvortcra. 
D  B  represent  private  consumers  who  accept  the  risk  of  the 


Fio,  70.— 30 -Ampere  Circuit. 

high-tension  mains  coming  into  their  premises.  C  C  represent 
street  lamps  with  converters,  and  D  D  street  lamps  connected 
directly  in  series  with  high-tension  mains.  The  larger  machines 
at  present  constructed  have  capacities  of  120  and  240  lights 
respectively,  and  employ  a  current  of  30  amperes,  the  larger  of 
the  two  machines  having  two  independent  circuits.  This  current 
!b  much  too  large  for  street  lam()s,  so  that  the  facility  of  con- 
necting lamps  directly  in  series  with  the  mains  is  practically 
lost  in  the  case  of  the  larger  machines. 

Fig.  70  is  a  diagram  of  a  30-ampere  circuit.  A  represents  two 
lights,  B  one  light,  and  C  three  lights,  run  from  converters  for 
private  consumers.  E  E  represent  street  lamps  also  run  from 
converters. 

The  exciting  ma^ieta,  and  also  the  external  appearance  of 
these  constant-current  machines,  are  very  similar  to  those 
of  the  Weetinghouse  constant   potential  alternators,  the  dif- 
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ference  being,  aa  we  have  seen,  entirely  in  the  oonatruc- 
tioQ  of  the  armature,  which  is  provided  with  large  overlapping 
teeth,  slightly  wider  tliau  the  gaps  between  the  field  poles, 
80  that  the  edge  of  one  tooth  comes  under  a  magnet  pole 
just  before  another  has  entirely  left.  The  teeth  are  equal 
in  number  to  the  field  poles,  and  each  tooth  carries  a  con* 
Btituent  coil  of  the  armature  winding.  No  regulating  appa- 
ratus whatever  is  employed  to  keep  the  current  constant,  the 
machine  being  so  designed  that  the  magiietio' flux  through  the 
armature,  and  consequently  the  E.M.F.  generated  is  practically 
proportional  to  the  impedance  of  the  circuit.  Although  the 
action  of  the  machine  has  been  reftsrred  to  above,  the  following 
description,  with  the  aid  of  the  sketches  Figs.  71»  72,  and 
73,   may  give  a   further   dearer    insight    into    the  way  in 
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which  self-regulation  is  secured.  The  proportion  of  tho 
winding  of  the  armature  to  that  of  the  field  coils  is  such  that 
at  the  moment  of  maximum  current  the  ampere  turns  of  tbe 
armature  coiU  are  approximately  equal  to  those  of  the  field 
coils,  and  consequently  if  the  armature  ourront  reaches  its 
maximum  at  a  moment  when  the  teeth  approach  coiucidenoo 
with  the  poles,  the  magnetic  flux  will  be  very  small,  and  the 
£.M.F.  generated  only  just  sufficient  to  send  a  harmless  current 
through  the  armature  when  short-circuited.  In  Fig.  71  the 
armature  teeth  are  shown  in  tho  position  midway  between  the 
field  poles,  and,  as  is  obvious,  the  induced  E.M.F.  will  be 
at  a  maximum  in  this  position.  If  no  current  is  allowed  to 
flow,  the  field  coils  produce  a  large  magnetic  flux,  and  a  high 
RM.F.  is  generated,  which  in  the  machines  as  constructed  may 
reach  10,000  volts  or  so.     It  is  therefore  advisable  for  safety 
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to  Bhort-circuit  the  armature  when  running  without  load,  and 
an  automatic  arrangement,  as  above  mentioned,  is  provided 
on  each  machine  to  effect  thig.  If,  now,  the  armature 
circuit  is  closed  with  a  moderate  resistance  in  circuit  the 
lagging  of  the  current  behind  the  impressed  E.M.F.  causes 
the  armature  teeth  to  have  made  an  approach  towards 
ooincidcnoe  with  the  magnet  poles  (<««  Fig.  72)  at  the 
time  when  the  current  in  the  armature  coils  has  reached 
its  maximum  value.  This  approach  towards  coincidence 
considerably  increases  the  self-induction  of  the  armature 
by  improving  the  magnetic  circuit,  which  has  the  effect  of 
making  the  lag  much  greater  than  it  would  have  been  had  the 
self-induction  of  the  armature  remained  constant ;  bo  that  by 
a  cumulative  process  the  lag  due  to  an  increase  of  current  in 


Fia.  72, 

the  armature  winding  is  considerably  magnified.  The  approach 
towards  ooincidenoe  between  the  armature  teeth  and  the 
magnet  coils  at  the  moment  of  maximum  current  also  has  the 
effect  of  directly  cutting  down  the  E.M.F.  by  bringing  the 
magnetising  force  of  the  armature  winding  into  more  direct 
opposition  with  that  of  the  field  coils,  and  thus  reducing  the 
magnetic  flux  through  the  armature,  until  when  coincidence  is 
practically  reached  (see  Fig.  73) — as  it  is  wlieu  the  armature  is 
short-circuited — the  armature  and  field  windings  oppose  each 
other  on  very  nearly  equal  terms,  and  the  magnetic  flux  is 
only  sufficient  to  cause  a  slightly  increased  current  in  the 
armature. 

In  the  mnchineaas  constructed,  if  the  resistance  inserted  con- 
sists of  a  load  of  converters  in  series,  with  arc  lamps  in  their 
Mcondaries,  the  lag  due  to  the  current  flowing  in  the  armature 
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vill  be  such  that  the  magnetic  6ux  due  to  the  resultant  of  the 
magnetising  forces  of  the  field  and  nrmaturo  coiU  will  be  of 
the  value  necessary  to  produce  the  normal  volts  for  that  pm-r- 
ticular  load ;  and  the  Westinghouse  Company  claim  to  have- 
succeeded  in  turning  out  machines  so  sensitive  that  a  practi- 
cally  negligible  variation  in  the  current  causes  a  variation  of 
E.M.F.  in  the  external  circuit  from  nil  when  the  armature  ia 
short-circuited  up  to  2,000  or  3,000  volts  when  loaded  up  with 
converters  and  arc  lamps.  It  is  stated  that  the  full  load  can 
be  suddenly  thrown  on  or  otl*  without  doing  any  damage  to  the 
machine,  the  current  remaining  practically  steady  during  either 
operation.  The  240-lif<ht  machines,  as  has  already  been  stated, 
are  double  circuit  machines,  and  are  generally  employed  In  large 
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towns  &ud  cities  for  street  lighting,  where  there  in  not  much 
variation  in  the  load,  when  it  is  found  that  the  interference 
between  the  two  circuits  is  not  noticeable.  It  is,  of  course, 
impossible  that  the  two  circuits  should  regulate  independently. 
The  transformer  employed  is  a  closed  circuit  one.  Lamps 
are  extinguished  by  short-circuiting  the  secondary  coil,  a  pro- 
ceeding which  causes  very  little  waste  of  energy,  owing  to  the 
low  value  reached  by  the  induction  in  the  iron  and  the  small 
resistance  of  the  copper  circuit.  The  results  of  the  secondary 
being  on  open  circuit  would  be  to  cause  heating  of  the  core, 
due  to  the  high  value  reached  by  the  induction,  and  to  choke 
the  primary.  To  insure  perfect  insulation  between  the  primary 
and  secondary  coils,  they  are  wound  on  separate  bobbins,  with 
a  considerable  space  between  the  two.      The  slight  loss  of 
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efficiency  resulting  from  this  ftrnuigemeut  is  said  to  be  of 
relatively  small  importance  in  a  series  nrc  eystem,  Tho  space 
between  the  coils  and  the  cover  is  filletl  up  with  wood  blocks 
and  insulating  compoimd,  the  object  of  the  latter  being  to  keep 
out  damp. 

With  regard  to  the  are  lamp,  the  only  point  which  has  not 
been  already  described  is  the  addition  of  a  small  reflector 
around  the  upper  carbon  to  throw  the  raya  from  the  lower 
carbon  crater  iu  a  useful  direction. 


§  18.  The   Lowrie-Hall  Sys^m.--  Tho  various  elements  in 

the  transformer  system  of  the  House-to- House  Electric  Light 
Supply  Company  have  been  brought  to  their  present  perfection 
by  the  inventive  skill  of  Mr.  W.  Lowrie  and  Mr.  C.  J.  Hall. 
The  alternator  biiilt  by  Messrs.  El  well-Parker,  of  Wolvcrhamp- 
ton,  is  of  a  somewhat  similar  type  to  the  alternator  of  Messrs. 
Zipemowsky,  D^ri,  and  BUthy,  employed  iu  the  Ganz  system. 
In  this  machine  the  stationary  portion  is  the  armature  In  which 
the  current  is  generated,  and  the  revolving  portion  constitutes 
the  field  magnets.  Fig.  74  shows  the  general  external  appearance 
of  the  100-imit  size  machine,  having  a  safe  out-put  of  100,000 
watts,  or  130  horse-power.  The  circular  iron  frame  is  com- 
posed of  thin  sheets  of  charcoal  iron,  ring-shaped,  insulated  from 
each  other  by  paper,  and  bolted  together.  This  armature  ring 
is  parted  on  the  central  horizontal  line  so  that  the  upper  part  can 
be  lifted  off  to  insert  or  remove  the  field  magnctB.  This  ring- 
frame  is  carried  on  the  cast-iron  frame  work  of  the  machine, 
but  is  insulated  from  it.  On  the  inner  cylindrical  surface  of 
this  ring-shaped  iron  core  are  fixed  the  amiaturo  coils.  These 
coils  are  formed  of  copper  tape,  each  wound  on  a  former  so  as 
to  form  a  coil  of  flat  or  link  shape,  and  yet  slightly  curved  so  as 
to  fit  closely  to  the  iimer  surface  of  the  armature  core.  The 
edges  of  the  tape  winding  are  thus  exposed.  The  centre  of  the 
fiat  coil  is  occupied  by  a  piece  of  insulating  material.  These 
flat  coils  are  placed  close  together  upon  tho  cylindrical  inner 
surface  of  the  divided  iron  armature  ring  so  that  the  axis  of 
each  coil  is  radial  to  the  ring,  and  the  coils  are  secured  in  their 
places  by  strips  of  wood  screwed  to  the  cheeks  and  extended 
over  the  ends  of  the  coils  outside  the  Une  of  travel  of  the 
magnets. 
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Theee  armature  coils  are  then  joined  up  iu  series,  and  the 
termiual  wires  brought  to  insulated  terininaia  on  a  sheet  of 
ebonite  contained  in  a  lock-up  box.     There  are  twenty-eight 


armature  coils  thus  joined  in  series,  each  coil  producing  about 
70  volts,  or  2,000  in  all. 

The  armature  ooils  can  be  easily  individually  removed  for 
examination  or  for  repair.  The  field  ma^et  or  revolving  portion 
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of  tho  mocbino  consists  of  a  solid  soft  wrought-iron  ring,  witb 
wrought-iron  radial  pole  pieces  securclj  attached  thereto;  and 
these  pole  pieces  are  of  solid  wrought  iron. 

The  exciting  coils  are  wound  ou  shells,  which  are  slipped  on  to 
these  pole  pieces,  and  secured  by  bolts  from  being  displaced  by 
centrifugal  action.  There  are  twenty-eight  such  radial  mag- 
netic poles,  alternately  N.  and  S.  polarity. 

The  coils  of  the  field  magnets  are  joined  up  in  series,  and  the 
terminal  wires  are  brought  to  two  insulated  gun-metal  rings  oa 
the  steel  shaft  of  the  dynamo. 

The  current  density  in  both  armature  coils  and  field  magnet 
coils  is  not  allowed  to  exceed  2,000  amperes  per  sqiiare  inch  of 
section. 

Tlie  base  plate  of  the  dynamo  is  of  strong  box  pattern,  ribbed 
and  flanged.  Tho  frame  for  supporting  the  laminated  iron 
armature  core  is  cast  separate,  and  securely  bolted  to  planed 
facings.  The  plummer  blocks  for  the  bearings  are  cast  separat 
from  the  base  plate,  and  secured  thereto  by  bolts  and  lugs  ant) 
wrought  iron  wedge  keys.  The  bearings  of  the  magnet  sliaft  are 
each  20in.  long  and  fitted  with  brasses  of  phosphor  bronze.  The 
bottom  brass  ia  so  arranged  that  it  caa  be  i*emoved  withoutliftiug 
the  shaft  and  yet  well  secured  sideways.  The  bearings  are  pro- 
vided at  eacli  cud  with  oil  catchers,  by  which  used  oil  is  caught 
and  drained  away  to  a  tank  in  tlie  base  plate,  from  wliich  it  can 
be  drawn  otf  and  filtered  for  re-use.  The  steel  shaft  carried  by 
these  bearings  is  Gin.  in  diameter.  It  carries  a  cast  iron  hub  to 
which  is  secured  the  wrought  iron  ring  with  the  magnet  poles. 
The  shaft  carries  two  gun-metal  rings  insulated  from  each  other 
and  from  the  shaft  tu  which  are  attached  the  ends  of  the  field- 
magnet  circuits,  and  by  means  of  which  the  exciting  current  ia 
passed  into  the  field  circuit.  Each  ring  is  provided  with  two- 
sets  of  brushes,  each  set  being  ample  for  collecting  the  exciting 
current,  and  the  brushes  and  their  holders  are  carried  by  a 
support  from  the  base  plate.  Suitable  adjustable  springs  con- 
trol the  pressure  of  these  brushes,  and  their  holders  are  carried 
a^inst  their  contact  rings.  The  shaft  carries  two  pulleys  of 
cast  iron — one,  the  driving  pulley,  turned  with  seven  groovea 
for  seven  l^in.  ropes,  and  the  other  turned  with  four  grooves 
for  four  jin.  ropes  for  driving  the  exciter  dynamo.  The  exciter 
is  a  series-wound  machine,   with  drum  armature,  running 
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Speed  of  800  reyolutions  per  minute.  Each  alternator  has  its 
own  exciter,  and  for  the  100-unit  alternators  the  exciters 
fumiah  a  current  of  25  to  28  amperes  at  120  volts. 

The  speed  of  the  alternators  is  350  revolutions  per  minute, 
giving  an  alternating  ciurent  having  about  10,000  alternations 
per  minute,  or  a  "  frequency"  of  83. 

The  output  of  each  alternator  is  50  amperes  at  2,000  volta. 
The  over-all  height  of  this  alternator  ia  8ft.  Gin.,  and  the  weight 
10  tons.  A  separate  pair  of  wires  are  taken  off  one  coil  of  the 
armature  for  the  purpose  of  regulation  of  electromotive  force  in 
a  way  to  be  presently  described. 

The  commercial  efficiency  of  thia  alternator  at  full  load  is 
stated  to  be  about  85  or  87  per  cent.  These  altenmtora  ate 
also  said  to  work  well  in  parallel.  If  two  alternators  driven  by 
separate  engines  are  thrown  in  parallel  and  the  steam  is  shut 
off  one  eng^e,  it  still  continues  to  be  taken  round  by  its 
dynamo  acting  as  a  motor  and  driven  by  the  fellow-dynamo 
acting  as  a  generator. 

Alternators  of  this  type  are  made  in  the  following  sizes  ; — 


Sftfe  output 

Load  in 

Revolutiotw  per 

Revolutions  of 

Id  kQowmtta. 

60- watt  lam  pa. 

minute. 

exciter  per  uuuute. 

30 

500 

GOO 

1,000 

45 

750 

550 

1,000 

60 

1,000 

500 

1.000 

90 

1,500 

400 

800 

120 

2,000 

350 

700 

150 

2,500 

300 

600 

800 

3,300 

250 

500 

All  these  macbiuea  are  SLrranged  to  give  an  alternating  cur- 
rent having  10,000  to  12,000  reversals  of  current  per  minute, 
and  electromotive  force  of  1,000,  2,000,  or  3,000  volts,  as 
required. 


§  19.  Lowrle-Hall  Tnuiflformers. — ^The  transformers  are  of 
tho  closed  magnetic-circuit  core  type.  Two  iron  cores  are 
formed  of  piles  of  thin  iron  plates  (««e  Fig.  75),  each  plate  being 
separated  by  thin  paper  from  the  next.     On  each  of   these 
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cores  is  wound  a  primary  and  a  secondary  ooil  one  over  the 
other,  part  of  the  iron  core  projecting  beyond  the  coLla  at 
both  ends.  The  two  coil-covered  corea  are  then  placed  side 
by  side,  and  the  plates  of  the  corea  projecting  beyond  the  coils 
are  turned  over  alternately,  each  pair  of  plates  forming  a 
closed  magnetic  circuit.  The  whole  of  the  plates  are  then 
okmped  tightly  together  at  both  ends  to  ensure  good  mag- 
netic contact.     The  completed  converter  shown  in  Fig,   76 


VlQ,   75.— Diagrun  showing    Uethod  of    buildiDg  up  the  Lowrie-H&U 
Tmiuformer. 


thus  seems  to  form  a  closed  laminated  iron  ring  of  rectangular 
shape,  and  having  a  primary  and  Bocondary  coil  wound  on 
each  side  of  the  ring.  The  transformers  are  placed  in  iron 
converter  cases  (Fig.  77).  The  pairs  of  primary  and  seoon- 
dary  coils  are  respectively  joined  up  in  series,  and  the 
terminals  brought  to  insulated  terminals  outside  the  case. 
The  usual  primary  and  secondary  double-pole  fuses  are  placed 
in  porcelain  boxes  ou  the  case.  The  converter  oases  have  lugs 
-and  rings  so  as  to  suspend  or  fix  them  in  place.     These  trans- 
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formera  are  said  to  take  about  "02  ompGre-cuirent  in  the  pri- 
mary when  on  open  secondary  circuit.     The  various  sizes  used 


are  for  outputs  of  1,  2,  4,  6,  8,  10,  16,  20,  30,  40  E.H.P..  and 
are  wound  to  convert  from  2,000,  1,500,  and  1,000  volta  to  100 
or  50  volts. 

93 
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§  20.  Honse-to-House  Central  Station  at  West  Brompton. — 

The  Houae-to-lloaae  Electric  Light  Supply  Company  have 
established  at  West  Brompton,  iu  Loadon,  a  very  complete 
transformer  station  ou  the  Lowrie-Holl  system. 

The  site  of  the  station  is  a  plot  of  land,  470ft.  long  by  60ft. 
wide,  adjoining  the  Metropolitan  District  Railway.  On  this 
site  has  been  erected  a  central  station  capable  of  supplying 
current  to  about  48,000  i)0-volt  10-candle-power  incandescent 
lamps.  The  general  appearance  of  a  small  portion  of  this 
station  is  shown  in  Fig.  7S,  and  the  whole  station  comprises 
dynamo  and  engine  room,  boiler  house,  testing-rooms,  offices, 
Btoree,  drawing  and  engineer's  offices,  water  tank,  coal  stores,  <fec. 
The  station  when  completed  is  intended  to  have  12  unit 
plants,  each  consisting  of  an  engine,  boiler,  dyuamo,  and 
exciter,  and  capable  of  givlug  an  electrical  out-put  of  100,000 
watts.  At  the  present  time  (1800)  three  such  unit  plants  are 
actually  in  place,  and  the  remainder  will  be  added  aa  rerpiired. 
The  present  supply  is  to  about  1G,000  eight  candlu  power 
50-volt  lampa,  some  10,000  of  whicli  are  at  full  load,  burning 
at  one  time.  The  supply  is  to  numerous  private  houses,  Hats, 
sh  )ps,  St.  Judo^s  Church,  and  other  public  buildings. 

Bach  alternator  is  driven  by  a  200  horsepower  horizontal 
coupled  compound  engine,  by  John  Fowler  and  Co.,  of  Leeds. 
The  high- pressure  cylinder  is  15in.  in  diameter,  the  low-pressure 
2.')in.  in  diameter;  the  stroke  is  30iu. ;  and  the  initial  steam- 
pressure  is  1301b.  per  square  inch.  The  speed  is  88  revolutions 
per  minute.  The  cylinders  are  steam- jacketed.  Between  the 
high  pressure  and  low-pressure  cylinder  is  suspended  a  massive 
flywheel,  14ft.  in  diameter,  grooved  for  seven  IJin.  ropes.  The 
engines  are  governed  by  Hartnell's  governor,  which  is  driven 
from  the  shaft  by  cotton  ropes,  and  controls  the  engine  by 
acting  direct  on  the  expansion  valves  of  the  high  and  low- 
pressure  cylinders,  giving  a  range  of  cut-off  in  the  high-pressure 
cylinder  from  1  to  60  per  cent,  of  the  stroke,  and  governs  the 
engine  speed  to  within  3  per  cent.  The  afiproximate  weight  of 
each  engine  is  24  tons.  Each  engine  drives  its  associated 
dynamo  and  alternator  by  means  of  seven  cotton  ropes. 

Efficient  means  for  tightening  the  driving  ropes  are  provided, 
consisting  of  two  cast-iron  rails  of  heavy  section,  fitted  at  one 
and  of  each  with  forcing  screws;  provided  with  holding-down 
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boltfi  for  the  dynamo,  the  nuts  of  which  are  of  rectangular 
form  aud  sliding  iu  grooves  formed  in  the  rails,  the  bolttt  beiii^ 
thufl  applied  from  above  are  removable  without  lifting  the 
dynamo.  The  two  rails  are  securely  tied  together  with  cast- 
iron  distance  pieces.  Similar  arrangements  are  supfilied  for 
the  exciter.  The  foundations  of  all  the  engines  and  dynamos 
below  grotind  are  built  of  hard  gault  bricks,  set  in  Portland 
cement,  on  a  continuous  slab  of  Portland  concrete.  The  engine 
floor  is  raised  three  steps  above  the  general  floor  line,  and  each 
engine  base  set  up  14in.  on  a  blue  Staffordshire  brick  pedestal 
for  conveniently  reaching  all  the  parts,  and  at  the  same  time 
to  secure  natural  drainage  to  the  driving-whoel  races.  The 
floor  ou  the  raised  platform  is  pavc<l  with  blue  Staffordshire 
bricks.  All  round  the  dvnamos  and  exciters  is  a  highly-iusu- 
lated  platform  of  cros^^ud  Huur  boards  set  on  joists,  with  bitumen 
between  the  two  sotti  of  boanis  and  linoleum  laid  throughout. 
This  platform  ia  aluo  raised  6iu.  above  the  genera]  floor  line. 

The  boilers  are  the  well-known  Babcock  aud  Wilcox  water 
tube  boilers  with  steam  drum,  capable  of  evaporating  easily 
5,5001b.  of  water  per  hour,  and  requiring  not  more  than  lib. 
best  Welsh  coal  per  lOJlb.  water  evaporated.  Daily  working 
pressure  150  (one  hundred  and  fifty)  lb.  per  square  inch.  The 
details  of  each  boiler  are  as  follows  : — 

Feet  Inabeo. 

Number  of  tubes  in  each  boiler,  81 —  — 

liength  of  tubes    18  ^ 

Diameter  of  tubes    —  4 

liBDgth  of  steam  drum    23  — 

Diameter  of  steam  drum    4  — 

Length  of  mud  drum 5  6 

Diameter  of  mud  drum  1  6 

Number  of  sections  or  slabs  in  each  bailer  9  — 

Total  length  of  boiler 23  — 

„     height        „            14  8 

„      breadth  of  all  three  boilers  toguther  22  9 

Heating  surface  ou  each  boiler 1,790  sq.  ft. 

Grate  area  in  each  boiler    33^  sq.  (t. 


All  joints  in  tubes,  headers,  hand-holea,  Ac.,  are  metallic,  no 
indiarubbcr,  asbestos,  or  such  like  material  being  used.  The 
entire  boiler  is  suspended  from  a  gallows  or  supporting  frame. 


^M«  MtffMdMt  flf  tfas  briokvotk,  t^M  aflon^  tee 

vorky  yjrtwn  aiHafting  tbc  wt  ol  di«  baltoar 

Tbt  9Umm  dnm,  vbM  «Tpot«d  to  ndiatitm,  m 

dmp  wftk  wm-«MMl«0tor.    Tb«  chimne^r  •haft  is  eomt&oa  to  aII 

llmv  boflwi,    lu  dloMMkiM  are : — 

PwC 

fiffight  rrofn  liMo-pUt*. 100    ...  0    abore  groand. 

iMAdadkoMUr 6    ...  6 

Ootaidfl  diMMter  «t  hMO 11    .„  0 

TbtM  dlrocvMiona  ftr*  tofllolttit  for  a  battery  of  six  boOeni 
tli«  Intuition  iMrin^  to  erect  another  shaft  for  the  second  six 
boll«ni.  iWlow  ground  th«  ohtmney  rests  on  a  slab  of  con- 
crsto  20ft.  sfjiiaro  by  Oft.  thick  on  the  red  London  graveL 

The  boilsn  are  connvcted  with  copper  connecting  pipes  to  a 
15-hiah  stael  main  pip«  (this  latter  )>eing  of  sufficient  size  to 
iu|ifily  stoam  from  12  boilcm  to  12  sets  of  pknt),  carried  on 
braoktta  flxod  on  the  side  of  the  wall,  and  each  engine  is  again 
OOnneotod  th^roto  by  a  copper  hend  pipe  ;  the  connections,  both 
to  englnoN  nud  holloni,  are  arranged  so  that  their  spring  or 
(Inlbility  will  allow  for  cxpanition  of  the  main  steam  pipe,  thus 
(lUponaing  with  any  expuniion  joints.  The  condensed  water 
frnm  rho  pipu  in  conuutvd  in  a  receiver  for  use  in  the  works  and 
for  the  motom.  The  jointti  of  this  pipe  are  made  with  rings  of 
ooppor  tiilw  covered  with  asbcstosi  fitting  into  a  small  spigot 
and  faucot  formed  In  the  flanges.  The  exhaust  pipe,  27-inch 
diameter,  is  also  arranged  to  bo  oommon  to  all  engines.  It  is 
of  stonl,  similar  to  the  steam  pipe ;  the  connection  from  the 
engines  and  to  the  hcatere  being  of  copper,  arranged  to  take 
the  expansion  uf  the  main  pipe. 

Aftor  ]uiMii)g  throtigh  the  heaters  or  the  by-pass  provided, 
the  exhaust  stoam  pnMoa  into  the  chimney,  the  drain  from  this 
pl|>o  iMuwin^  into  a  well  under  the  wiit^r  level.  The  drain 
pipe*  from  the  ot\ginv«  are  also  all  taken  to  a  main  drain  pipe 
i^tnmum  to  all  ongini>»  aitd  carried  to  this  well  and  under  water. 
This  \>rt\\  is  antv>matioa11r  tlraiued  of  surplus  water  and  pre- 
vent«  stc^m  from  being  blown  ditvct  into  the  sewers. 

The  hi|^-|irMauro  leads  from  the  alteruatorv  are  brought  to 
a  airitoh  rooin»  and  all  oouuecUous,  gorcming.  and  changes  an 
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effected  in  tliis  room.  As  at  present  (1890)  arranged,  each 
djniimo  works  on  to  a  single  and  separate  primary  main. 
There  are  already  about  25  miles  of  auch  primary  main  laid  in 
the  streets.  The  three  pairs  of  leads  from  the  three  alternators 
and  the  ends  of  the  three  pairs  of  primary  street  mains  are  all 
brought  to  a  switch-board,  and  by  a  simple  4-plug  switch  any 
dynamo  can  be  put  into  any  main.  The  leads  from  each 
dynamo  have  their  own  double-pole  safety  fuses,  ammeter  and 
voltmeter.  There  is  also  a  double  set  of  synchronising 
transfonneiB  for  putting  any  pair  of  dynamos  in  parallel, 
as  described  in  connection  with  the  Leghorn  Central  Station 
(»~  §  9). 

The  mode  in  which  this  crosa-eonnection  of  any  dynamo  to 
any  main  is  made  is  very  simple  and  practical. 

Four  straight  terminals  are  mounted  upon  bosses  of  earthen- 
ware bolted  to  a  slab  of  slate.  The  front  earthenware  bosses 
are  deeper  than  the  projection  of  the  terminals  from  the  face  of 
the  slate,  to  protect  the  terminals  from  dust^  dirt,  and  the 
like,  and  to  prevent  accidental  contact  The  entrance  orificea 
of  these  front  bosses  are  funnel  shaped,  in  order  to  guide  the 
plugs  to  their  respective  seats  in  or  ii[)Ou  the  termiimls.  The 
back  ends  of  the  latter  protrude  through  the  back  earthen 
ware  bones,  to  which  they  are  secured,  and  the  terminals  are 
formed  to  receive  and  bind  the  circuit  conductoni.  This 
arrangement  of  four  terminals  upon  their  base  is  termed  a 
terminal  base.  Upon  a  similar  but  smaller  base  of  non-con- 
ducting material  are  also  secured  four  plugs  corresponding  in 
position  to  the  aforesaid  terminals.  In  the  centre  is  a  wooden  or 
other  insulated  handle  ;  and  a  stop  is  fixed  to  limit  the  insertion 
of  the  plugs  within  the  terminals.  A  strip  of  copper  electrically 
connects  each  pair  of  plugs ;  and  the  base,  with  its  handle  and 
four  plugs,  is  called  a  plug  base.  The  combined  four-terminal 
base  and  four-plug  base  is  called  a  unit  switch  block. 

The  arrangement  of  the  plugs,  and  that  of  their  correspond- 
ing terminals,  is  that  of  a  rectangle,  nearly  square  in  dimen- 
sions. This  is  to  prevent  the  plug  bttse  being  inserted  wrongly 
in  the  terminal  base,  to  make  vertical  connections  (for  example) 
instead  of  horiKontal  ones.  The  smoothing-iron  form  of  the 
handle  also  serves  to  indicate  the  position  in  which  the  plug 
base  should  be  held  in  switching,  so  that  by  the  rectangular 
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form  and  &rrangemf^nt  of  the  circuits  it  ia  impossible  to  plug 
the  wrong  terminals  in  a  unit  switch  block.  The  terminals 
are  made  in  the  form  of  a  split  tube,  to  make  spring  contact 
upon  the  exterior  surface  of  the  solid  plugs. 

The  re(iuisito  number  of  switch  blocks  are  mounted  upon  a 
suitable  support,  in  the  form  of  a  square.  Upon  one  side  of 
the  square  we  connect  each  of  the  unit  switch  blocks  to  a 
generator,  and  upon  a  horizontal  line  with  each  of  these  a 
similar  switch  is  placed,  one  for  each,  and  connected  to  the- 
working  of  the  outer  circuits. 

In  the  respective  circuits  named  are  placed  safety  fuses,  and 
the  arrangement  ia  such  that  one  pole  of  a  dynamo  mtichine  is 
connected  to  one  terminal  of  a  unit  switch  block,  while  the 
other  polo  is  connected  to  the  diagonally  placed  terminal  of  the 
same  switch  block.  Similarly,  each  pole  of  the  outer  circuit 
switches  ia  electrically  connected  to  the  remaining  two  ter- 
minals of  the  same  block. 

Provigiou  is  made  V»y  grooves  at  the  back  of  each  unit  switch 
blook  to  extcn<i  all  the  electrical  connections  to  the  adjoining  unit 
blocks  in  the  same  symmetrical  manner.  For  example,  when 
four  unit  blocks  are  combined  together  as  a  square,  with  con- 
nections from  two  dynamos  un  one  side,  and  connections  to  two 
working  circuits  at  right  angles  thereto,  the  whole  of  the  cur- 
rent from  the  two  generators  can  be  conducted  into  one  of  the 
working  circuits;  or,  the  current  from  one  machine  led  into- 
one  circuit,  while  the  other  machine  is  sujjplying  the  other  cir- 
cuit; or,  one  circuit  is  fed  by  both  machiues,  while  the  other 
circuit  draws  its  supply  from  one  machine  only;  or,  tinally^ 
both  circuits  may  be  fed  by  both  generators,  according  to  the 
number  and  arrungement  of  the  plug  bases  engaged  with  their 
respective  terminal  bases.  Thus,  any  number  of  generators  and 
circuits  can  be  electrically  connected  by  adding  the  requisite 
number  of  unit  switch  blocks  in  the  manner  indicated. 

The  next  important  element  in  the  system  is  the  self-regulat- 
ing arrangement,  by  means  of  which  a  constant  electromotive 
force  of  2,000  volta  is  kept  at  the  terminals  of  each  dynamo. 
As  the  loss  of  Tolts  m  the  primary  mains  between  full  load  and 
lightest  load  is  only  2|  per  cent.,  no  adjustment  is  made  for 
varying  current  in  the  main,  but  the  terminal  pressure  difference 
ia  kept  constant  at  the  machine. 
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This  is  effected  by  regulating  the  exciter  current  by  shunting 
more  or  loss  of  the  BeM  current  of  the  aeries- wound  exciters. 
From  the  terminals  of  one  single  coil  of  the  armature  of  the 
dynamo  is  taken  otT  a  pair  of  wircfi,  and  the  75  volta  of  this  coil  is 
reduced  by  a  small  transformer  to  60  volts.  The  current  from 
the  secondary  of  this  small  transformer  is  passed  through  two 
horizontal  fine  wires,  like  a  Caixiew  voltmeter,  and  the  greater 
or  less  expansion  of  these  wires,  as  the  E.M.F.  of  this  coil 
of  the  armature  v^tries,  causes  a  greater  or  less  sag  of  these  wires. 
This  expansion  in  tlum  made  to  eOect  the  regulatiou  as  follows : — 


Pw.  79. — Dugnm  of  Connections  for  Lowrie-H&ll  Pressure  Regulator. 

Across  the  terminals  of  the  above-mentioned  transformer,  fiil, 
are  the  two  fine  wires,  E  and  F  (w<!  Fig.  79),  supfwrted  between 
the  fixed  points,  Z,  Y,  and  Z\  Y*,  whose  normal  positions 
when  cold  are  shown  by  the  dotted  lines,  the  two  wires 
being  in  series  with  one  another,  and  connected  by  the 
wire  Y,  Y'.  The  field-magnets  of  the  alternator,  A,  are  excited 
by  the  exciter,  B.  Across  the  fields  of  this  exciter  a  shunt  of 
varying  resistance  is  placed,  connected  by  the  wires,  (£,  d^;  this 
ahunt  resistance  is  formed  by  two  metal  plates  dipping  in  the 
solution  in  the  electrolytic  cell  D,  and  its  resiatauoe  is  altered 
by  the  raising  and  lowering  of  the  plates  into  the  solution, 
which  is  accomplished  automatically  by  the  passage  of  a  current 
through  either  one  of  two  solenoids  or  coils  wliich  pull  up  or 
down  an  iron  core  inside  the  coils  :  the  top  coil,  C,  lower?  them, 
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and  the  bottom  coil,  Gj,  raises  them,  by  the  attraction  of  this 
movable  iron  core  inside  the  coUs. 

This  core  is  attached  to  the  plates  by  a  coi-d  passing  over  a 
pulley  tP.  To  the  centre  of  the  wire  E  a  cord  is  attached, 
the  other  end  of  which  is  tixed  to  the  arm  0  of  the  rooking  arm 
«,  e^  'j  this  arm  is  pivoted  at  e^  on  a  &xud  sujiport.  If  the 
electromotive  force  of  the  dynamo  rises  too  high,  the  sag 
becomes  greater,  and  the  arm  e  is  pulled  down  by  the  weight 
«^,  and  BO  makes  contact  on  the  table  c;  if,  however,  the 
electromotive  force  fiUlOi  the  wire  ptiUa  the  arm  c  up,  so 
causing  the  other  arm,  «^  to  make  contact  witli  the  table  c'. 
To  the  centre  of  the  wire  F  the  cord  /  is  attached,  which  raises 
or  lowers  the  arm  /*,  pivoted  at  its  end,  off  or  on  to  the  table 
y.  This  table  /^  is  connected  to  one  pole  of  the  exciter,  and 
the  pivot  of  the  arm/*  is  connected  by  the  wire./^  to  the  pivot 
of  the  rocking  arm  e^ ;  the  table  c  is  counectud  to  the  top  coil 
C,  and  the  table  c^  to  the  bottom  coil  C*,  the  other  ends  of 
theee  two  coils  being  jointly  connected  to  the  other  pole  of 
the  oxoitor.  If  now  the  electnuaotive  force  of  the  dynamo 
rises  too  high,  the  arm  e  falls,  so  makiug  contact  with  the  table 
c;  the  electromotive  force  of  the  exciter  is  therefore  right  across 
the  coil  C,  one  side  being  in  metallic  connection,  and  the  other 
being  connected  through  tlie  table  f^,  up  the  arm  f\  through 
the  wiro/^,  to  ann  c,  so  passing  through  the  table  c,  connected 
with  the  coil  C.  This  coil  coming  into  action  pulls  the  core  up 
and  so  lowers  the  plates  into  the  solution,  which  therefore 
lowers  the  resistance  of  the  shunt,  so  causing  Ic&s  current  to 
pass  round  the  ttolds  of  the  exciter,  and  cousequently  we^ikcn- 
ing  the  5eld  of  the  dynamo  A,  so  lowering  its  electromotive  force. 
These  coils,  C,  Cj,  it  should  be  mentioned,  are  wound  with  fine 
-wire  and  arc  of  high  roaistaiuie,  so  that  their  oomiecUon  acroes 
the  exciter  has  no  effect  upon  the  dynamo  A.  If,  however,  the 
electromotive  force  is  too  low,  the  arm  f^  touches  the  tabic  e\ 
so  shunting  the  current  through  the  coil  0|,  which,  coming  into 
action,  raises  the  plates  out  of  the  solution,  and  consequently 
the  resistance  of  the  shunt,  so  that  more  current  passes  from 
the  exciter  round  the  fields  of  the  d}-namo  A,  whose  electro- 
motive  force  therefore  rises.  The  arm  /^  is  put  in  to  cut  out  the 
a4?tion  of  the  regulator  in  the  event  of  tlie  wire  E  breaking,  for 
that  wire  by  breaking  would  stop  the  passage  of  the  correot 
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through  the  wire  F,  80  making  the  hitter  ooutract  and  pull  up 
the  arm  /^,  so  breaking  its  connection  with  the  table  /*.  If  no 
provision  is  made  for  this  accident,  the  arm  ^  by  making  per- 
manent contact  with  the  table  r,  would  lower  the  electromotive 
force  of  the  dynamo  as  far  as  the  shunt  would  allow.  In  the 
shunt  resistance,  the  two  plates,  which  are  fixed  to  an  insulat- 
ing piece,  dip  into  the  solution  contained  in  the  glass  cell.  The 
plates  are  supported  by  two  chains,  which  pass  over  the  two 
ebonite  wheels  ;  these  chains  make  connection  with  the  plates 
and  terminate  at  two  terminals,  liaviug  sufficient  slack  to  allow 
the  wheels  to  turn  their  maximum  distance  either  way.  On  a 
smaller  pulley  a  chain  is  fixed,  supporting  the  iron  core,  which 
moves  up  or  down  in  the  coils ;  the  speed  of  the  motion  of  the 
plates  is  increased  or  decreased  by  the  ratio  of  the  diameters 
of  the  pulleys.  The  coils  are  wound  upon  a  brass  tube,  which 
is  filled  with  glycerine  to  act  as  a  dash-pot,  the  core  acting  as  a 
plunger  itself.  The  plates  in  the  shunt  resistance  cell  should  be 
changed  periodically  to  reverse  the  chemical  action  of  the  current 
upon  them.  In  the  actual  instrument  thus  designed  to  utilise 
the  sag  of  a  wire,  the  wires  are  stretched  in  a  brass  tube,  in  the 
centre  of  which  is  a  containing  box  ;  at  each  end  of  the  tube  is 
a  disc  or  insulation;  on  one  of  which  are  two  movable  brass  strips 
to  tighten  the  wires  by  the  action  of  the  thumbBcrews.  These 
are  used  to  adjust  the  instrument ;  on  each  of  these  strips  is  a 
terminal,  so  that  they  make  electrical  conuection  to  the  wires. 
At  the  other  end  of  the  tube  a  brass  piece  is  fixed,  on  to  which 
both  wires  are  screwed.  The  rocking  arm  is  jewelled  in  both 
movements.  The  use  of  the  guiding  arm  is  to  bring  the  centre 
pin  on  to  the  bridge,  so  that  when  the  current  ceases  the  wire 
is  free  to  contract.  All  the  contacts  are  made  of  platinum, 
and  the  ooimectious  to  the  tables  are  made  in  the  terminals 
underneath  ;  these  tables  are  all  adjustable  from  below,  so  that 
then:  height  may  be  altered  without  allowing  cold  air  to  get  into 
the  tube  whilst  the  current  is  on.  The  use  of  the  other  arm  as  a 
cutrout  has  already  been  described.  The  use  of  one  wire  is  that 
of  a  out-out  as  before  described.  It  will  be  seen  that  another 
method  of  rendering  the  instrument  still  more  sensitive  or  the 
reverse,  is  by  moving  the  attachment  of  the  oord  oa  the  rocking 
arm  nearer  to  or  farther  from  the  pivot. 

The  external  appearance  of  this  regulator  is  shown  in  Fig.  80. 
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S  21.  Lowrie-HaU  Distribution  System. — This  distribution 
iiystem  is  au  uuderground  system*  Cast  iron  pipes  are  laid  in 
the  streets,  having  junction  boxes  every  forty  feet,  and  sur- 
face boxes  at  the  street  comers.  Into  these  pipes  are  drawn 
stranded  copper  cable  heavily  insulated  with  vulcanized  india- 
rubber  covering,  and  the  joints  are  covered  with  mbber 
insulation  vulcauizod  in  sitUy  after  making  the  joint,  by  a  amall 
portable  heater.  The  positive  and  negative  mains  are  nm  tn 
the  same  iron  pipe.  Fresh  cables  can  be  drawn  in  as  required- 
At  the  junction  boxes  distributing  mains  are  taken  off  to 
the  transformers.  These  are  placed  in  iron  boxes  or  in  the 
cellars  or  areas  of  the  houses.  Each  house  may  be  served  by 
a  single  transformer,  or  one  or  two  transformers  may  be 
bauked  to  serve  a  group  of  houses  or  shops  off  their  common 
secondaries.  This  underground  system  has,  it  is  said,  given 
great  satisfaction  in  use.  A  simple  method  is  adopted  to 
roughly  test  the  leakage  from  either  primary  main.  A 
vacuum  tube,  having  one  platinum  wire  terminal  put  to 
earth,  has  its  other  platinum  wire  temiinal  connected  to  one  or 
other  of  the  primary  mains.  As  long  as  the  insulation  of  the 
primary  main  is  good,  tliis  vacuum  tube  shows  a  glow-light  in 
it ;  but  if  a  bad  fault  occurs  on  the  main,  this  glow-light  no 
longer  is  seen. 

In  connection  with  the  Lowrie-Hall  system  should  be 
mentioned  an  ingenious  meter  by  which  the  record  of  the 
lamp-hours  is  kept.  The  alternating  current  from  the 
•eoondary  coil  of  the  transformer  is  made  to  pass  on  its  way 
to  the  lamps  through  a  small  secondary  battery  and  a 
copper  voltameter  consisting  of  a  pair  of  copper  plates  sus- 
jiended  in  a  solution  of  sulphate  of  copper.  The  alternating 
current  which  illuminates  the  lamps  has  in  itself  no  ability  to 
cause  a  dcpitsition  of  copper  upon  the  plates,  but  when  lamps 
are  turned  on  the  secondary  battery  sends  a  current  through 
the  copper  voltameter  which  is  exactly  proportional  in  strength 
to  the  numl>er  of  lamps  turned  on,  and  to  the  current-using 
capacity  of  each.  Hence  the  secondary  battery  causes  a  con- 
tinuous current  to  (low  through  the  voltameter,  increasing  the 
weight  of  one  j)late  and  diminishing  that  of  the  other  to  a  degree 
which  is  exactly  proportional  to  the  quantity  of  alternating 
ourrent    whinh    has  passed  in  that  time.     What  is  meastired 
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U  not  tlio  oiirroiit  illuruinating  the  lamps,  but  a  much 
■iimllor  aontiiuiouH  uurront,  which  in,  howover,  at  every  iuatant 
diaotly  proportiunnl  to  tho  nitornating  ourront.  Hence  the 
loNi  in  woight  of  niio  oop[>Qr  pUte  is  exactly  proportional  to  the 
qimiitity  of  llio  alternating  ourront  which  has  traversed  the 
latiipH.  A  innnthly  removal  of  tho  plates  for  weighing,  and  a 
r«ttowal  nf  l\w  olmr^o  of  the  aooondary  battery,  aufficos  to 
eiiablo  a  charge  to  tho  cousumor  to  bo  made  according  to  his 
ooiMUinption. 


!S  22.  Madrid  Oantral  Station.  —  Tho  House-to-House 
Com  puny  huvo  doni^iuHl  a  uuhIcI  central  station  on  thia 
lA>wrio  Hall  H}'at(>iti.  Kaoh  engine,  boiler,  alternator,  and 
•nitor  forniB  a  topamto  and  oomplete  plant,  and  a  series  of 
tbMt  unit  plants  aro  plaood  side  by  side,  the  unit  being 
appnttinmloly  for  about  one-twelfth  part  of  the  capacity  of 
tho  full  HtAtiou.  Tho  aamo  Company  have  established  on  the 
liowrie  Hall  nyatem  a  very  oomplete  tranalormcr  station,  after 
Mm  model,  at  Mmirid.  This  station  was  opened  in  October, 
IBOO,  Th«  works  are  situated  close  to  the  railway  stfttion.  Las 
Micias^  The  ougiue  and  dyiuuiKHtoom  and  botlarboooe  ar» 
Moh  About  153  fMt  long  vod  60  IM  in  widU^  extendbig 
pumllct  lo  Moh  oUior.  TKiors  aiw  $X  pnMot  mstolled  aiz  unit 
pUiits,  each  coMirtinf  ol  «ngin^  beilar,  and  dynaao^ 
vUb  Um  iMOMMiy  ottoM  mmI  workahi^a.  1^ 
•Hrot  Uf  Halto  ii  far  2<0Q0  lOaadto  hm^    Initsplutt 
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been  erected  in  that  place.  The  station  will  be  cb 
when  in  full  operation,  of  an  electrical  output  of  a  million  watts. 
Hence  it  will  bo  able  to  supply  an  actual  demand  of  30,000 
30-watt  lamps,  or  50,000  such  lamps  wired.  The  station 
buildings  are  substantial  brick  buildings,  which  have  been  laid 
out  with  great  skill  to  economise  to  the  utmost  the  space  at 
disposal. 

The  dynamo  room  (Fig-  81)  contains  a  set  of  ten  generating 
nnits,  each  composed  of  a  200  horse-power  Willans  triple 
expansion  engine,  working  under  a  pressure  of  2001b.  of  steam, 
combined  on  the  same  bed-plate  with,  and  driving  direct  an 
Elwell-Parker  alternator,  having  an  output  of  100  kilowatts. 

The  engines  work  at  a  speed  of  355  revolutions  per  minute, 
and  require  2001b.  pressure  of  steam.  The  EIwoU  Parker 
dynamo  coupled  to  it  has  already  been  described  in  detail. 

The  dynamos  at  Manchester-square  have  36  magnet  poles  on 
the  revolving  field  magnets  and  36  coils  in  the  stationary 
armature,  and,  accordingly,  there  arc  about  12,000  alternations 
per  minute  in  the  resultiug  current,  or  a  frequency  of  100. 
The  exciting  current  employed  is  a  current  of  28  to  34  amperes 
at  a  pressure  of  100  volts.  Each  dynamo-bearing  is  provided 
with  arrangements  for  circulating  cold  water  through  the 
hollow  bearings  in  case  of  heating. 

These  alternators  furnish  a  current  of  100  amperes  at  full 
load,  under  a  pressure  of  1,000  volts.  To  excite  this  battery 
of  10  alternators  there  are  four  exciters  by  Elwell-Parker,  which 
are  the  ordinary  shunt  machines,  each  driven  by  a  triple-expan- 
sion directKJOupled  60  horse-power  Willans  engine  at  a  speed  of 
475  per  minute.  Two  of  these  exciters  are  equal  to  doing  the 
whole  work  of  exciting  the  10  alternators,  and  the  fields  of  the 
alternators  are,  as  usual,  joined  in  parallel  across  the  poles  of 
the  alternators. 

The  arrangements  for  preventing  the  transmission  of  vibra- 
tion from  these  engines  and  dynamos  to  the  ground  around 
are  very  perfect.  In  preparing  the  foundations  for  each 
engine  and  dynamo,  the  ground  was  first  excavated  for  a 
depth  of  10  or  12ft.,  and  &  pit  formed  {see  Fig.  82)  in 
which  was  made  a  solid  floor  of  ooncrete,  and  the  sides 
built  up.  On  this  floor  of  concrete  was  laid  a  thick  sheet 
of    felt,  aud   then   one  of    lead,   and  on   this  was  built  up 
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n  block  or  table  of  brick.  On  this  table  the  bed-plate 
of  tlie  engine  and  dynamo  was  fixed  and  bolted.  The 
object  of  this  arrangement  was  to  quench  all  vibration  and 
prevent  the  communication  of  thump  to  the  walls  of  the 
building  and  to  the  ground  around.  Entering  the  boiler- 
house  {see  Figs.  83  and  84)  we  find  a  battery  of  nine  Babcock 
and  Wilcox  tubular  boilers^  each  capable  of  evaporating  6,000Ib. 
of  water  per  hour.  The  consumptiou  of  all  the  engines  when  at 
full  loati  will  be  40,000lb.  of  water  per  hour.  The  arrange- 
mont,  due  to  Mr.  Rosenthal}  by  which  large  steam  pipes  are 
avoided  is  worth  notice.  Over  each  pair  of  boilers  is  a 
wide  pipe  or  drum,  and  from  each  drum  proceed  steam  pipes  to 


TlQ,  82.— Mancheeter-aquarft  Staticm.     Sectional  view  of  the  method 

of  arranging  the  foundations  no  as  to  prevent  vihrntinn. 

a,  Kotaining  walL    b,  Sub-baae.    e^  Lead  and  felt. 

Iwo  engines.  All  the  drums  are  connected  by  equalising  pipes, 
4Lud  as  a  result  there  is  no  steam  pipe  other  thau  thebc  drtuiis 
which  is  larger  than  five  inches  in  diaLmetcr,  and  the  difficulties 
with  largo  bends  and  joints  thus  avoided.  The  ateam  atQ\i- 
valvea  which  shut  off  each  boiler  are  made  with  an  outside 
screw  thread,  and  a  gunmetal  female  screw  having  a  longitu- 
dinal slot  through  which  oil  can  be  squirted  through  the  thread 
to  prevent  sticking.  Each  boiler  has  two  feeds,  one  hot  and 
one  cold  ;  so  that  if  the  hot  feed  fails  trom.  any  cause  the 
■cold  feed  can  be  supplied.  In  blowiug  off  the  hot  water 
from  the  boiler  there  is  an  arrangement  by  which  cold  water 
is  mixed  with  the  hot,  so  as  to  reduce  it  below  a  temperar 
ture  of  2l2deg.  when  it  enters  the  drains,  or  else  the 
result  of  "bluwing  off"  would  be  to  fill  all  the  drains 
of  the  surrounding  neighbourhood  with  steam.     A  water  tank 

r2 


246  DisTRiDirrioN  of  blbcthjoal  bneroy  by  transformbrs. 


is  provided  which  will  contain  twelve  hours'  Bupply  of  water;  but 
water  caJi  also  be  taken  direct  rrom  the  water  mains.  Thd  coal 
store  has  a  capacity  for  300  tons  of  coal,  and  the  coal  waggons 
arriving  from  the  street  shoot  the  coal  directly  down  into  the 
bunkers,  wiiich  are  adjacent  to  the  Btoke  holes.  Uard  by  the 
boilers  are  the  feed-water  heaters  and  the  pumps.  Two  Owen's 
pumps  are  provided,  either  one  of  which  will  pump  all  the 
water  required  for  the  boilers.  The  exhaust  steam  from  the 
engines  passes  into  an  exhaust  pipe,  which  is  15in.  in  diameter 
at  one  end  and  widens  to  25in.  in  diameter  at  the  other.  The 
large  end  opens  into  the  chimney  shaft.  In  order  to  prevent 
the  exlmust  steam  from  mixing  with  the  smoke,  this  exhaust 
steam  pipe  is  continued  right  up  the  chimney,  being  supported 
centrally  right  throughout  its  length  by  rings  built  into  the 
brickwork,  which  preserve  it  in  position  whilst  permitting  free 
expansion  and  contraction. 

The  shaft  itself  is  8ft.  square  inside  at  the  bottom  and  10ft. 
Sfiuare  insule  at  the  top,  and  cased  outside  with  white  glazed 
bricks.  The  central  exhaust  steam-pipe  is  26in.  in  diameter.  The 
shaft  is  surmounted  by  a  cast-iron  chimney  cap  weighing  26  tons. 
This  arrangement,  which  is  due  to  Mr.  Gordon,  has  tho  etTect 
of  abolishing  the  nuisance  resulting  from  condensed  steam  and 
soot  in  the  neighbourhood  of  the  station.  The  exhaust  steam 
not  being  contaminated  with  products  of  combustion  dissolves 
quickly  in  the  air.  Adjoiuiug  the  station  is  a  house  for  the 
engineering  staff,  and  when  in  full  work  the  work  will  be  ar- 
ranged in  three  watches  of  eight  hours  each,  and  two  watches 
on  Sundays. 

The  whole  of  the  station  buildings  are  solidly  built  of  brick, 
and  lined  with  white  glazed  brick,  like  Sardinia-street. 

We  have  no.\t  to  notice  the  switch-board  arrangements  at 
Manchester-square.  There  are  three  switch-boards — one  for 
the  exciters,  one  for  the  dynamos,  and  one  for  the  circuits. 
These  boards  are  mounted  on  a  partition  which  stands  away  from 
the  wall  of  the  dynamo  room,  and  permits  access  to  the  connec- 
tions behind  the  board.  The  working  connections  are  mounted 
on  enamelled  slate  bases,  afhxed  to  the  wood  frame  of  the  switch- 
board. The  dynamo  switch-board  is  divided  into  ten  panels 
corresponding  to  the  ten  dynamos.  On  each  of  these  {>anels  there 
is  a  main  ammeter  and  ammeter  short-circuiting  plug,  which 
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ammeter  reads  the  main  primary  current  flowing  out  of  eaoli 
dynamo.  There  is  also  a  CanJew  voltmeter  wliich  reiuls  the 
primary  Tolta  taken  off  one  coil  of  the  armature  of  each 
dynamo,  and  hence  gives  the  total  primary  volts.  Under  each 
ammeter  is  a  rheostat  for  introducing  resistance  into  the  field 
circuits  of  the  dynamos,  and  thus  regulating  the  electromotive 
force  of  each  independently.  At  the  bottom  of  each  panel 
is  a  magnetic  cut-out,  the  working  arrangements  of  which  are 
shown  in  Fig.  85.  The  primary  current  passes  round  the  coils  of 
the  electro-magnets  of  this  electro-magnetio  cut-out.  When 
the  main  current  esceods  a  certain  safe  value  the  attraction 
of  an  armature  by  this  electro-magnet  releases  a  double  pole 
switch  normally  kept  locked  by  a  clutch,  and  the  switch  springs 
back  and  opens  the  circuit  of  the  dynamos.  The  exciter  board 
resembles  a  telephone  switch-board.  The  object  of  the  arrrange- 
ments  is  to  group  the  excitersand  dynamos.  There  are  four  exciters, 
one  of  which  is  sufficient  for  five  dynamos.  Hence  at  full  load 
two  exciters  have  to  be  oix;rated.  On  the  exciter  board  there 
are  a  series  of  vertical  and  horizontal  bars  which  can  be  con- 
nected by  plugs.  The  vertical  bars  are  connected  to  the  dynamo- 
field  circuits,  and  the  horizontal  bars  to  the  exciter  poles. 
By  plugging  together  these  strips  any  exciter  can  be  put  into 
the  fields  of  any  dynamo  or  dynamos  as  required,  and  the 
exciters  can  be  arranged  so  as  to  work  in  parallel  on  one  group 
of  dynamos  or  separately  on  separate  groups.  There  are  the 
usual  rheostats  for  introducing  resistance  into  the  fields  of  the 
exciters.  The  main  circuit  switch-board  closely  resembles  that 
of  Sai-dinia-streut  previously  fully  described.  There  are  twenty- 
two  circuits  which  proceed  out  from  this  board,  and  by  means 
of  plugs  any  dynamo  can  be  put  on  to  any  circuit  or  group 
of  circuits,  and  by  means  of  a  throw-over  switch  that  circuit 
can  be  instantly  changed  on  to  a  spare  dynamo.  There  is  one 
difference,  however,  in  the  circuit  switch-boards  at  Sardinia- 
street  and  Manchester- square,  in  that  the  plugs  in  the  circuit 
board  in  tins  last-mentioned  station  are  made  to  screw  into 
place  for  greater  security  instead  of  being  simply  plugged  in 
aa  taper  plugs.  The  twenty-two  panels  in  this  circuit  board  are 
all  exactly  simikr.  From  this  circuit  board  highly  insulated 
cables  pass  out  into  a  subway,  where  they  are  laid  and  fixed 
on  wooden  shelves.     From  this  subway  they  pass  into  the  iron 
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pipM  Uid  in  the  atreotA,  wbich  have  already  been  described 
io  oocuiection  with  the  SardinU-atreet  station,  otbenrise  the 
airaogemcDt  of  mains  is  the  same.  The  diUicalties  which  have 
preeented  themielvea  at  Manchester-square  in  dealing  with 
the  Umitcl  Mpaoe  at  disposal  have  been  overcome  with  great 
ingenuity,  and  it  liaa  required  the  exercise  of  much  judgment 
to  place  2,000  horBC'i>owor  in  a  space  ao  limited,  having  regard 
to  the  necessity  for  complete  freedom  from  noiso,  vibration, 
and  smoke. 

RATmioNEFLAoe  Statiov. 

This  station  (aee  Fig.  86)  is,  generally  speaking,  deaij^cd  on 
the  liuoa  of  Manchester-square.  There  arc  six  Elwcll-Parker 
100-unit  alternators,  combined  with  Willans  engines  of  the 
same  siee  and  muko  as  those  at  Manchester-sijunrG.  There  are 
two  combined  Willans  enginca  and  KlwcH-Parker  dynamos  as 
exciters,  either  one  of  which  will  do  the  whole  work  of  the 
•tation.  There  are  five  Babcock  boilers,  each  capable  of  eva- 
porating COOOlb,  of  water  per  hour,  and  the  necessary  pumps, 
heatcm,  lIc.  Ruthbone-placo  was  formerly  a  small  private 
station  whicli  wua  taken  over  by  the  Metropolitan  Klectrio 
Supply  Con)iM\ny  in  1888.  The  interesting  point  to  notice 
about  it  is  that  whereas  formerly  the  niaximiim  possible  out- 
put of  the  station  was  current  for  some  2,000  lights,  by  an 
ooonomioal  utilisation  of  the  space,  and  by  the  selection  of 
the  present  plant,  a  possible  maximum  output  of  current  for 
IftfOOO  8-candle  [lower  lamps  has  been  obtained.  The  station 
Oocupioa  the  bottom  floor  of  a  factory,  and  great  care  has 
been  excrcisoii  in  the  building  constniction,  and  by  the  intro- 
duction of  a  tire-proof  roof,  to  render  the  station  as  free  as 
possible  from  danger  of  interruption. 

These  stations  of  the  Metropolitan  Electric  Supply  C!ompany 
Are  councctod  together  by  trunk  mains,  and  in  the  summer, 
when  the  diMnaud  is  small,  it  will  be  possible  to  shut  down 
altogether  one  or  more  of  these  stations,  and  greatly  to  econo- 
mise working  expenses.  At  present  the  wliole  uf  these  stations 
ftre  working  on  the  system  of  distributed  transformers;  when, 
howoveTa  a  business  liiis  liccu  built  up,  and  the  consumption  in 
the  areafl  of  supply  become  sufficiently  great,  it  is  possible  that 
9k  system  of  transformer  sub-oentrca  will  be  initiated,  and  be 
found  to  be  tdvautageous. 
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§  24.  The  Thomsou-Hoaston  Transformer  System. — In  the 
United  States  one  of  the  most  widely  knuwu  of  all  the 
electric  lighting  companies  is  that  of  the  Thomson-Houaton 
Company,  having  its  headquarters  in  Boston,  United  States. 
Commencing  in  18S0,  and  having  in  18S2  only  a  small 
factory  at  New  Britain,  Conn.,  this  corporation  has  de- 
veloped its  electrical  manufactures  at  a  steadily  increasing 
rate,  and  has  at  the  present  time  an  immense  factory  at 
Lynn,  Mass.,  occupied  in  the  production  of  electric  lighting 
plant  for  arc  and  incandescent  lamps,  as  well  as  for  electric 
locomotion.  In  the  United  States  over  50,000  arc  lamps  are 
of>erated  by  the  well-known  Thomaon-Houston  continuous  cur- 
rent arc  light  dynamo,  in  some  GOO  or  more  stations.  The 
ingenuity  and  remarkable  inveutive  skill  of  Professor  Elihu 
Thomson  has  been  also  brovight  to  bear  on  the  development 
of  an  alternating  transformer  system,  with  the  result  that 
uearly  100,000  incaude^jceut  lamps  are  in  use  (1890)  in  the 
United  States  in  conuectiou  with  u  transformer  system  as 
devised  by  him.  The  alternating  dynamo  employed  in  the 
Thomson-i-loiist^n  transformer  system  presents  some  interesting 
peculiarities. 

Fig.  87  shows  the  general  form  of  all  the  dynamos  for 
generating  alternating  currents  manufactured  by  the  Thomson- 
Houston  Electric  Company.  The  field  magnets  are  of  cast  iron, 
and  are  made  in  two  parts,  the  lower  one  bearing  the  pedestals 
for  the  armature  bearings.  Each  casting  carries  projecting 
inward  from  it  one-half  the  total  number  of  radial  pole  pieces. 
The  number  of  polar  projections  varies  from  eight  in  some  of 
the  smaller  sizes  to  twenty-two  in  the  largest.  The  armature 
is  a  laminated  iron  cylinder,  and  has  applied  to  its  surface  a  set 
of  flat  coils  which  form  one  layer  of  double-inau)ated  copper 
wire  of  square  cross  section.  This  armature  winding  consists 
of  a  number  of  flat  oval  coils,  equal  in  nimiber  to  the  number 
of  polar  projections,  wound  in  a  lathe  on  special  formers, 
and  curved  so  as  to  fit  the  cylindrical  surface  of  the  iron 
core.  There  is  a  apace  of  three-quarters  of  an  inch  or  more  In 
the  centre  of  each  coil  which,  in  some  machines,  is  filled  with 
an  insulating  slip  or  core,  and  in  others  with  a  second  separate 
coil  used  for  exciting  the  field  of  the  dynamo.  The  arma- 
ture coils  are  securely  bound  to  the  armature  core  by  German 
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eilver  wire,  aiid  are  covered  with  iasulating  strips  of  mica. 
These  coils  are  either  connected  all  in  series  and  in  series  with 
the  external  oiroiiit,  as  is  shown  iu  Fig.  88,  in  the  case  in  smaller 


J 


/     ta 


sizes  of  high  potential  mnchinea,  or  they  are  wound,  aa  shown 
in  Fig.  89  ;  t.r,  two  grouy)S  in  mtiltiple,  consisting  of  an  equal 
number  of  coils  in  series.  By  this  means  a  1,300  light 
armature  is  wound  with  wire  of  the  same  size  as  a  650  lighter. 
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The  annature  core,  in  these  machines,  ia  built  up  as  usual  of 
thin  iron  sheets  perforated  with  apertures  through  the  centre, 
BO  aa  to  allow  a  circulation  of  air. 


Qcnneciicm  of  £1*35 
&tnpa>il»  -field    6unAma. 


Fio.  88. — OonnectioQj  in  tbo  ThomsoD-Houaton  Altanifttor. 


Fig.  89. — ConnectionB  in  tbo  Thomson •HouBton  Alternator. 


Tliesc  alternating  current  djnamos  are  made  in  three  types, 
as  follows : — • 

(i.)  Self-excited, 
(ii.)  Separately -excited. 
(iii.)  Composite-wound. 

(i.)  Self-exciied  Type. — In  this  class  of  dynamo,  which  has 
been  now  more  or  less  discarded  in  favour  of  the  third  men- 
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flfthflitld 
to  altflnftte  Mgaeats.  The 
b  MOtrolM  bj  «  rbeosUt  in  iu  circuit 
upon  l49nrHeM>o«rd,  ftod  m  Uus  drcait  are  tododed 
tbt  ioOi  </n  th«  fl«ld  OttipitfU.  This  d««ign  may,  in  fftct,  be 
tocfitrH  M  ftn  ftlUnwt^'OarrtDt  Annatore  winding  on  the  top 
of  »  oodUdooui  cofrrot  winding.  Thif  kst  rappliet  curreot 
forihefUUL 

(iL)  SrpfLr/iUjy-fjxiud  Typ^. — The  aepftratcly-excitod  dynamo 
U  of  th«  name  form  u  the  wlf^xcited,  the  only  difference 
bein;(  thai  iu  it  the  commutator  and  armatare  exciting  ooils 


DISTRIBTTTION  OF  ELSOTRIOAL  KNEROT  BY  TIUN3P0RMER8.  265 


are  absent.  It  is  used  with  an  exciting  dyuamo^  such  as 
shown  in  Fig.  87. 

(iii.)  Compotite  -  wound  Type. — The  term  "composite"  as 
applied  to  the  tliird  type  of  the  alternating  current  dynamo  of 
the  Thomaon-HouBton  Electric  Company  waa  adopted  to  distin- 
guish this  arrangement  of  6eld  excitation  from  that  employed 
in  direct  current  machines,  which  cousiata  in  the  combination, 
for  producing  the  magnetic  field,  of  the  main  urinature  current 
with  a  derived  current  shunted  around  the  external  circuit, 
or  in  compound  winding.  The  arrangement  of  circuits  which 
is  used  in  the  moat  improved  type  of  Tliomson- Houston  alter- 
nator for  maintaining  a  constant  ditlcrence  of  potential  at  a 
defined  point  of  distribution,  regardless  of  load,  is  shown  in 
Figs.  88  and  89. 

A  part  of  the  magnetic  field  is  maintained  by  moans  of 
current  from  a  separate  or  exciting  dynamo.  If  tl>c  load  upon 
the  outside  circuit  ia  increased  it  is  necessary  to  increase  the 
magnetism  of  the  field,  in  order  that  the  machine  may  in  turn 
supply  the  increased  demand  in  the  circuit,  and  the  lights 
remain  steady. 

This  is  accomplished  in  some  other  machines  by  varying  the 
current  of  the  field  magnets  by  a  rheostat  or  variable  resistanoe 
operated  by  hand.  In  the  Thomson- Houston  dynamo,  however, 
the  same  result  ia  obtained  entirely  automatically  by  poesing 
the  greater  portion  of  the  maiu  current  through  two  or  more 
of  the  field  magnets,  thus  energlaiug  the  machine  in  exact 
accordance  with  the  demands  made  upon  it.  As  an  alternating 
current  is  not  suitable  for  magnetising  the  fields  it  is  necessary 
to  change  the  character  of  the  current  produced  in  the  arma- 
ture to  a  direct  current  before  passing  it  through  the  special 
winding  on  the  field,  and  this  is  done  by  a  coEumutator  at  the 
end  of  the  shaft.  By  this  arrangement  the  attention  required 
at  the  dynamo  is  reduced  to  a  minimum,  while  at  the  same  time 
the  regulation  of  the  machine  is  perfected,  and  any  number 
of  lamps,  from  one  to  the  full  capacity,  may  be  thrown  on  or 
off  without  in  any  way  afl\3cting  the  steadiness  and  brilliancy 
of  those  remaining. 

To  allow  for  a  pre-determined  percentage  of  loss  in  CLo 
wiring,  it  ia  necessary,  as  the  load  is  increased,  that  there 
should  be  a  definite  amount  of  increase  in  potential,  which  is 
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accomplished  by  placing  around  the  field  winding  for  the  main 
current  a  reaiatauce  which  shuuts  that  ]>ortiou  of  current  not 
required  for  regulation. 

This  wiudin(^  is  precisely  the  same  in  principle  as  the  com- 
pound winding  in  the  case  of  a  continuous  current  machine.  In 
addition  to  the  current  derived  from  a  small  direct  current 
separate  ezciter,  a  second  current,  which  is  a  rectified  portion 
of  the  main  current,  is  used  to  energise  the  main  fields.  Thi» 
current,  being  proportional  to  that  in  the  external  primary 
circuit,  increases  the  field  strength,  and  thus  the  potential, 
with  increasing  load. 

It  will  be  seen  from  the  diagrams  of  the  connections  that 
the  armature  current  is  "  rectified  "  for  a  part  of  its  course 
by  means  of  a  oommutator  baviug  as  many  segments  as  there 
are  field  poles  on  the  machine — alternate  segments  being 
connected  together,  and  cue  set  connected  to  one  armature 
terminal,  and  the  other  to  the  external  circuit. 

This  rectified  current  is  either  used  to  excite  two  of  the 
polar  projections,  as  in  Fig.  89,  or  to  partially  excite  all  of  them, 
as  in  Fig.  SS,  the  latter  method  being  the  moat  approved. 

Before  each  machine  is  sent  out  from  the  factory,  the 
strength  of  the  compounding  current  is  regulated  by  means  of 
a  German  silver  shunt  fastened  to  the  frame  of  the  machine. 
By  changing  this  shunt  the  machines  may  be  made  self- 
regulating  for  any  required  lino  resistance  or  drop,  being  over- 
compounded  to  whatever  degree  is  needed.  The  winding  may 
be  described  as  that  of  a  "  compounded  "  alternator  for  giving 
constant  potential  at  the  ends  of  a  line,  or  at  the  points  of 
supply  to  the  lamps. 

The  following  table  gives  the  sizes  and  capacities  of  the 
machines  of  this  type  thus  far  constructed,  with  the  exciting 
and  main  current  of  each  : — 


Alter- 

Witt* 

Lamp 
luml  111 

16c.p. 
Ump«. 

EicUlDB  circuit. 

Wolgbt. 

Speed. 

Output 
In 

nator. 

Volt*. 

Amp. 

ampi. 

A    35 
A    70 

A  140 

36,000 

70,000 

140,000 

650 
1,300 
2.800 

100 
100 

... 

6-S 
11-2 

3,fi70 
8,270 

1,500 

1,070 

680 

84  X  66-5 
80  X  10ft 

35 

70 

140 

Each  machine  yields  current  at  l,000or  3,000  volts  as  required. 


DI8TIUBUT10N  OP  ELECTRICAL  ENEBQT  BY  TRANSFORMEHS.    257 

For  tho  purpose  of  energiBing  the  field  magnets  the  dynamos 
are  furnished  with  small  exciting  (iynamoe  of  the  direct-current 
type.  It  has  been  found  desirable  in  some  special  cases  to  make 
the  smaller  sizes  of  alternating-current  dynamos  self-exciting, 
and  to  this  end  the  armatures  are  wound  with  the  extra  or 
special  coil  before-mentioned  for  furnishing  current  to  energise 
the  fields.  The  exciter  is  usually  placed,  as  shown  in  Fig.  87, 
behind  the  alternating  dynamo,  driven  by  a  belt  from  a  small 
pulley  attached  to  the  armature  shaft.  One  exciter  is  usually 
employed  with  each  alternating-current  dynamo,  but  when 
several  dynamos  are  operated  in  the  aamo  station  it  is  often 
found  more  convenient  to  employ  several  exciters,  any  one  of 
which  ia  of  sufficient  capacity  for  all  tho  machines.  By 
this  arrangement  an  accident  to  ono  exciter  need  not  affect 
the  general  service. 

Exciting  dynamos  are  made  in  the  following  sizes  :— 


ClAM. 

Volta, 

Ampeni. 

SpMd. 

VdghL 

Pulley 
IHjun. 

Iface. 

Floor  i^pAce 

0 

100 

12 

2.300 

807 

i 

2 

24    vl3i 

1 

100 

24 

2,200 

480 

5 

8 

Mi  X  Ifiji 

2 

100 

40 

1.800 

fi06 

6 

4 

31^x183 

3 

100 

60 

1,600 

1,080 

8 

5 

37ix21J 

4 

100 

60 

1,600 

1,S64 

8 

6 

40    x23| 

The  current  required  for  exciting  the  fields  of  the  alternating- 
current  dynamos  is  as  follows  : — 

A-35  Composite  Field,  5*8  amperes. 
A-70  Composite  Field,  U  '2  amperes. 

SyBtema  of  DUtrilnUion — Compensator  Syttem. — This  system 
of  distribution  for  incandescent  lighting  by  alternating  currents 
is  the  Invention  of  Prof.  Elihu  Thomson,  and  was  introduced 
before  the  transformer  system  had  attained  much  commercial 
expansion.  The  principle  of  the  aystem  is  shown  in  Fig.  91. 
An  alternating-current  generator  usually  wound  for  a  potential 
of  330  volts  delivers  its  current  to  the  ordinary  system  of 
feeders  and  mains  such  as  is  employed  in  tho  direct  two-wire 
system.  At  central  points  in  the  district  to  be  lighted  the 
compensators,    or   choking  coils,   are  located — usually  being 
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placed  upon  poles  at  street  intersections.  A  loss  up  to  10  per 
cent,  of  the  dynamo  potential,  according  to  conditions,  ia  allowed 
between  the  station  and  the  lamps,  and  the  pressure  at  tho 
oompensators  is  thus  somewhat  more  than  300  volts. 

The  compensator  consists  of  a  laminated  core  of  iron  as  in  a 
transformer,  wound  with  a  continuous  insulated  conductor,  the 
terminals  of  which  are  connected  directly  to  the  dynamo  leads. 

At  three  points  in  this  coil,  dividing  the  coils  equally  between 
its  terminals,  wires  are  attached  leading  to  binding  posts  on 
the  compensator  frame.     The  terminals  of  the  coil  are  attached 
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Flo.  91.— Prof.  Elihu  Thomson's  **  Cotupenfittor 

Lighting. 


System  of  IncasdeeoeDt 


to  similar  binding  posts,  and  from  these  6ve  points  are  run 
lamp  circuits,  which  may  be  two  three-wire  systems.  The  fall 
of  potential  through  the  compensator  from  one  lead  to  the  other 
will  thus  be  divided  into  four  equal  parts,  and  the  voltage  in  each 
lamp  circuit  will  be,  therefore,  about  75  volts.  It  is  evident 
that  many  variations  may  be  made  in  this  arrangement ;  the 
ooil  may  bo  divided  into  any  number  of  equal  portions,  and 
from  them  the  circuits  may  be  run  on  the  3,  4,  5,  ic,  wire- 
Bystems,  or  the  various  circuits  may  be  on  the  simple 
two-wire  system.  We  take,  for  explanation,  however,  this  330 
Tolt  two  3-wiro  system,  as  it  was  the  one  most  used,  and  fiervea 
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as  well  as  any  other  to  illustrate  the  principle  of  the 
azratigement. 

Couaideriag  Fig.  92 : — There  are,  at  maximum  load,  say  8 
lamps  on  the  compensator;  when  they  are  all  turned  on,  a 
very  slight  current  traverses  the  coils  of  the  compensators,  the 
self-iuduction  of  its  coils  of  wire  wound  about  soft  iron  being 
BO  high  as  to  practically  prevent  any  current  flow.  Consider 
now  that  all  the  lamps  on  one  of  the  three-wire  circuits  be 
turned  off,  the  conditions  are  as  in  sketcli  2^  Fig.  92. 

The  current  traversing  the  part  of  the  coil  **  A  "  acts  as  the 
primary  of  a  transformer,  the  secondary  being  the  part  "  B  "  ; 
transformation  from  150  volts  in  the  primary  to  150  volts  in 
the  secondary  thus  takes  place,  and  one-half  the  current  in  the 
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Fio.  92.— Three- wire  Compensator  Sj'bIcid. 

lamp  circuits  is  due  to  the  dynamo  current,  and  one-half  to 
that  part  of  the  compensator  marked  "B."  The  part  "A" 
thus  needs  to  carry  only  sufficient  current  for  one  lamp,  and 
the  regulating  capacity  of  the  compensator  is  seen  to  be  four 
times  the  carrying  capacity  of  its  wire.  If  the  lamps  be 
arranged  as  in  sketch  No.  3,  the  first  part  of  the  compensator 
marked  "  A  "  will  carry  t=  ^i  tiines  the  current  required  for 
one  lamp.     The  ratio  of  conversion  in  this  case  being  1 :  3,  the 

1*5 
part  of  the  compensator  marked  "  B  "  will  supply  —  «» '6  tim«8 

3 
the  current  for  one  lamp. 

In  this  way  the  action  of  the  compensator  for  any  arrange- 
ment of  load  may  be  readily  deduced.     In  few  words,  it  may 
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Ao.  93. — Switchboard  for  ThomBoo-HouBton  IVunrformer  Sjitoi 
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be  (iescribed  as  a  combination  of  a  transformer  with  a  syBteui 
of  direct  distribution. 

The  chief  objection  to  this  system  is,  of  course,  that  it  brings 
the  high  potential  of  the  dynamo  to  the  house  wires. 

The  compensators  have  been  manufactured  in  two  sizes,  one 
for  75  and  the  other  for  150  lights.  These  6gures,  however, 
do  not  denote  the  maximum  number  of  lamps  which  may  be 
operated  from  a  tniusfonner,  but  merely  the  amount  for  which 
the  compensator  will  regulate,  i.e.,  the  maximum  allowable 
ditVerence  iu  the  number  of  lamps  comieoted  to  its  oircuita. 

Trans/ortncr  System, — ^The  transformer  system  of  the  Thom- 
son-Houston Electric  Company  is,  like  all  other  such  successful 
systems,  a  constant  potential  one ;  the  pressure  employed  being 
usually  1,000  volts.  The  dynamos  are  constructed  to  give 
1,100,  so  that  10  per  cent,  may  be  allowed  for  loss  in  the 
primary  and  secondary  circuits.  As  before  stated,  the  dynamo 
is  lujually  of  the  compound  or  "composite"  type,  the  fields 
being  excited  by  the  rectified  current  from  the  alternator  as 
well  as  by  that  from  a  small  direct  current  dynamo. 

In  other  respects  this  system  is  similar  to  other  transformer 
systems,  and  its  principle  needs  no  special  explanation.  Fig.  93 
shows  the  form  of  switch-board  employed.  The  various  instru- 
ments which  comprise  it  will  be  presently  described.  The 
dynamo  has  already  been  described.  The  standard  typo  of 
alternator  is  the  separately-excited  drum  armature  alternator, 
compounded  to  give  constant  pressure  for  a  drop  of  a  definite 
number  of  volts  in  the  primary  line  between  no  load  and  full 
load.  This  alternator  is  excellently  designed  in  all  its  parts, 
and  between  full  and  no  load  can  maintain  constant  potential 
at  the  end  of  its  primary  line. 

Transformers. — The  latest  form  of  transformer  manufactured 
by  the  Thomson-Houston  Klectric  Company  is  shown  in  its 
box  in  perspective  in  Fig.  94.  The  coils  are  enclosed  in  a  cast- 
iron  box,  waterproof,  and  stout  enough  to  withstand  ordinarily 
rough  usage.  The  primary  wires  are  seen  coming  out  of  the 
transformer  at  the  top,  and  the  secondary  at  the  bottom,  each 
passing  through  waterproof  insulating  bushings. 

The  coils  are  in  some  cases  wound  directly  upon  the  cores, 
in  others  they  are  wound  on  wooden  formers,  which  are 
removed  when  the  ooils  are  completed.     In  some  forms  the 
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secondary  winding  is  laid  on  first  and  the  primary  over  it;  in 
other  forma  the  two  are  wound  side  hy  side.  In  either  case 
the  insulation  between  the  two  coils  is  very  carefully  made, 
consisting  of  mica,  paper,  and  shellac.  The  secondary  coil  is 
wound  with  two  equal  circuits,  which  may  be  either  connected 
in  series  to  give  104  volts  or  connected  in  multiple  arc  to  ^ve 
62.  Fig.  95  shows  the  switch  device  by  which  these  connections 
arc  made  and  the  fuse  wire  terminals  for  holding  the  safety 
cut-out  for  the  secondary  circuit. 


Fio.  94. — Thomion-HouBtoD  Traniiformer. 

Various  devices  have  been  invented  by  Prof.  Klihu  Thomsoa 
for  preventing,  by  any  possible  chance,  the  couuectiou  of  the 
primary  high  potential  circuit  with  the  secondary.  In  1885  he 
took  out  a  patent  for  a  '*  Sheath  "  protective  device,  in  which  a 
copper  strip  or  divided  plate  connected  to  the  earth  is  interposed 
betwceu  primary  and  secondary  windings.  Another  device  is 
to  ground  one  end  of  the  secondary  circuit,  as  described  in 
Prof.  Thomson's  United  Sutes  Patent  Specification,  No.  322, 138, 
of  1885  ;*  the  latest  arrangement,  however,  is  the  application 
of  the  film  cut-out  (described  further  on  in  connection  with 
the  series  socket)  to  automatically  ground  the  secondary  circuit 
ia  case  the  high  potential  reaches  it. 

*  See  ]ott«r  in  Bltctrical  JUview,  Sept.  26, 1886,  by  J.  jL  Fleming,  and 
■ub«e<jueDt  correspoudeace. 


fSteTRIBtmON  or  HLBOTRIOAL  KNKRGY  BY  TRAN8P0RMBR8.    263 


The  objection  to  the  film  device  is  tliat  it  ia  apt  to  be  brokea 
down  in  case  of  a  lightning  dischargo  reax;hiug  the  Une  before 


To  l»m^ 
circuit 


Id  lamp 
circuit 


Pro.  95. — Connectiona  on  Thomson -Houston  TraoRformer. 

the  lightning  arresters  have  a  chance  tu  operate.     On  under- 
ground circuits  the  filnidevioe  can  be  used  without  any  such  risk.* 

*  A  recent  pnotice  of  the  ThouMon-Houston  Company  in  the  inat&Ufttion 
of  tron&formera  U  to  enclose  them  in  a  box  filled  with  a  highly  insulating 
oil,  wliich  permeates  die  insuladou  of  the  coila,  keeps  out  motHture  from 
tlic  aame,  and  renders  it  ncccsaaiy  that  a  rory  coaaidcmblu  diflbrcnce  of 
{>otcntial  should  exist  between  the  primary  and  Bocondary  cotls  in  order 
that  a  discharge  from  one  to  the  other  may  take  place.  Such  coiU  are 
very  much  more  iiecura  from  breakdowns  due  to  lightning  than  coUa 
mounted  in  the  ordinary  manner.  At  the  Bame  lime,  the  Insulating 
materiala  used  to  innulate  the  coiU  from  each  other  and  From  the  iron  oora 
may  be  of  very  much  lem  expeniiiTf>  character  and  rer^uiro  less  labour  Co 
put  it  on.  Tho  United  States  patent  for  this  method  of  mounting  (he 
transformers  in  oil  was  filed  May  27th,  1687,  and  IsKued  Hay  27th,  1890, 
aa  Patent  428,648.  It  is  interesting  to  note  that  the  more  recent  pro- 
posals of  naiDg  high  potential  transformers  for  power  transmisaion  in 
Europe  involve  this  feature  of  oil  insulation. 
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Figs.  96,  97,  98,  99,  100  ahow  the  various  forms  of  core»^ 
whioh  have  beea  used  in  these  transformers.      Figs.  96  and  97 
show  a  type  in  wbioh  the  ooils  ore  wound  about  two  corea  of 


Pic  96 


Fio.97. 
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similar   shape,  placed   back   to  back,  and  each  built  up  of 

C-shaped  laminae.      Laminated   plugs    are  driven    into    the 

openings  over  the    ooils,   and    the   -whole  securely   fastened 
together  with  bjlts. 


FiQ.  99. 


FiGloa 


Fig.  99  shows  anotlior  form  of  core  in  which  the  coils  are 
-wound  on  formers  and  then  driven  over  a  tongue  projecting 
from  a  core  built  of  "  E  "-shaped  laminaj.    Laminated  plugs  are 
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driven  into  the  openings  over  the  coils.  This  is  the  type  of 
core  employed  in  the  type  "  E  "  transformer  shown  in  its  box 
in  Fig.  100. 

Fig.  100  shows  the  latest  form  of  core.  A  plug  of  laminated 
iron  ia  placed  in  the  centre  of  a  transformer  coil,  and  sheets  of 
iron  cut  in  the  form  of  a  hollow  rectangle  are  placed  about  the 
coil.  These  squares  fit  the  plug  very  closely,  and  render  the 
magnetic  contact  very  perfect.  No  insulating  sheets  are  used 
between  the  lumime  of  the  traiinformer  cores,  the  oxide  of  iron 
formed  on  the  sheets  during  the  annealing  process  l>eing  con- 
sidered to  be  sufficient  insulation  for  eddy  currents.* 
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Fro.  101. — Conxtftdt- Current  Thomson -Houston  Tranafonner. 


A  novel  device  duo  to  Prof.  Thomsou  is  empluyed  in  the 
transformers  for  maintaining  the  induction  of  the  cores  in  the 
plane  of  the  lamina; ;  zinc  sheets,  equal  in  thickness  to  two  or 
throe  laminm  are  introduced  in  the  core  at  intervals  of  five 
sheets  of  iron.  The  magnetic  resiKtancc  of  these  sheets  prevents 
any  distortion  of  the  Hues  of  induction,  and  serves  materially 
to  increase  the  efficiency  of  the  apparatus.  These  sheets  are 
shown  by  the  heavy  lines  in  Fig.  97  of  the  transformer.  The 
primary  and  secondary  fuses  are  contained  in  the  ends  of  the 
iron  coses,  access  being  obtained  by  lids  which  can  be  screwed 
down.  The  primary  fuses  are  mounted  on  porcelain,  and  the 
fiooondary  also  on  porcelain  bases.     It  ia  remarkable  to  note  how 

*  In  more  recent  practico  very  little  scale  is  uUowed  to  exist  od  the  irun, 
u  iU  profiCDCC  in  aay  amount  gives  rise  to  incrcoBed  byatereaia. 
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short  these  primary  fuses  are.  The  possibility  of  using  such 
short  fuse  wired  is  dependent  on  the  use  of  a  dynamo  of  con 
nderable  self-induction.* 

CoMtant^Cjinrnt  Transforms. — Figa.  101  and  102  show  two 
forms  of  transformer  adapted  for  transforming  from  a  constant 
potential  primary  current  to  a  secondary  current  of  constant 
strength,  the  potential  of  the  secondary  varying  with  the 
number  of  lamps  in  circuit. 


Fic.  102.— Coaat&nb-Current  ThonisOD'IIoustoQ  Trftnkfnrmor. 

Fig.  101  shows  a  type  in  which  the  coils  are  wound  about 
opposite  ends  of  a  peculiarly-shaped  soft  iron  laminated  core. 
This  core  is  designed  so  that  the  magnetism  induced  by  the 
primary  ia  partially  carried  through  that  part  of  the  core 
enclosed  by  the  secondary  circuit,  and  jwirtly  through  the  air- 
space *'  A.*'  The  transformer  core  is  properly  formed  and  pro- 
portioned, so  that  any  decrease  in  the  number  of  lamps  on  the 

•  In  more  recent  pracUcfi  &  epeciai  omogement  ot*  fuse  ia  employed, 
which  prevGcU  vcitig. 
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secondary  circuit  by  decreasing  the  secondary  circuit  resistance 
tocreosos  the  reaction  of  the  same  on  the  primary,  and  causes  a 
greater  leakage  of  magnetism  across  the  air  spaco  *'  A."  This 
cuts  down  the  induction  in  the  seoondaiy  and  increases  the 
self-induction  of  the  primary,  thus  proportionally  decreasing 
its  current. 

Fig,  102  shows  an  ingenious  device  invented  by  Prof.  Thomson, 
for  maintaining  a  constant  secondary  current.  It  is  upon  the 
same  principle  ss  the  arrangement  often  used  in  laboratory 
experiments,  consisting  of  a  secondary  coil  balanced  on  a  scale 
arm  over  a  primary  coil,  the  secondary  being  connected  in 
series  with  an  incandescent  lamp.  When  an  alternating 
current  is  sent  through  the  induction  coil  the  lamp  coil  is 
repelled,  and  adjusts  its  uwu  height  above  the  primary  iuduction 


Flo.  103.— Balanced  Reactive  CoiL 

coil,  in  accordance  with  the  induction  in  itself^and  maintains  the 
current  in  itself  constant  even  for  varying  primary  current  by 
its  changing  distance. 

The  secondary  coil  of  the  transformer  in  question  is  movable 
on  the  core,  and  is  supported  by  a  rod  from  a  lover  bearing  an 
adjustable  counterbalance.  At  full  load  the  counter-balance  is 
so  placed  as  to  allow  the  secondary  to  lie  close  to  the  primary. 
If  the  secondary  resistance  be  decreased  its  current  increases 
momentarily  enough  to  cause  the  secondary  coil  to  be  repelled 
from  the  primary  and  to  assume  some  position  above  the  latter 
at  which  point  its  reaction  is  the  same  as  before,  and  its  current 
again  becomes  normal. 

A  thinl  rievice  used  for  the  same  purpose  as  the  above,  but 
of  a  differeut  nature,  is  shown  in  Fig.  103.     A  reactive  coil,  as 
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18  shown  in  Fig.  104,  and  explained  under  the  head  of  regulat- 
in;j  devices,  is  cunnected  m  the  circuit  of  lamps  in  series  on  a 
constant  potential  system.  Its  sheath  is  counter-balanced  by 
the  weight  P,  and  the  weak  spring  S  holds  the  sheath  over  the 
coil  under  normal  load.  On  the  extinction  of  a  lamp  in  the 
circuit  the  reaction  of  the  sheath  on  the  coil  increases  and  the 
sheath  is  repelled,  thus  iucreasing  the  self-induction  of  the  coil 
and  reduciug  the  lamp  current  to  its  proper  amount. 

Kegulatin/f  Devices. — Reactive  Coil  or  Divimer. — This  is  a 
device  used  in  alternating  current  work  to  serve  the  same  ends 
as  rheostats  in  direct  current  plants.  They  are  used  in  central 
stations  for  adjusting  the  potential  of  the  feeders,  and  in 
theatres  for  conirolliug  the  caudJe  power  of  the  lumps. 


Fio.  104, — Reactive  Coil  or  Dlnimer. 

They  are,  in  priuciple,  choking  coils  in  which  the  wmding  ia 
wound  about  a  luaiiHated  soft  iron  ring,  and  in  which  a  heavy 
envelope  of  copper  adjusts,  by  its  position  as  regards  the  coil, 
the  self-induction  exerted  by  it. 

Fig.  104  shows  the  general  form  of  the  reactive  coil.  A 
winding  of  well-insulated  copper  wire  of  comparatively  few 
tunis  surround  one  part  (about  one-eighth  of  the  circumference) 
of  a  laminated  iron  ring.  Inside  the  ring  is  a  laminated  iron 
drum,  supported  in  bearings  and  tittJug  the  inside  of  the  ring 
not  very  closely.  A  copper  sheath  is  fastened  to  this  drum, 
and  ia  rotated  about  with  it.  When  the  sheath  is  over  the 
coil,  its  width  is  just  sufficient  to  completely  cover  the  coiL 
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This  sheath,  mounted  upon  the  drum,  forms  a  closed  coil  of 
very  large  section,  around  the  ring,  and  fits  closely,  leaving  but 
a  small  clearance  space. 

The  action  of  the  dimmer  will  be  evident  from  what  has  been 
said  of  its  construction.  When  the  sheath  is  over  the  coil,  the 
latter  is  in  the  same  condition  as  the  primary  of  a  short-circuited 
transformer,  and  offers  but  slight  impedance  to  the  flow  of 
current.  In  some  dimmers  the  coil  ia  short-circuited  when 
the  sheath  is  in  this  position.  When  the  sheath  is  rotated 
away  from  the  coil  its  roautive  ctTcct  is  diminished,  and  the 
impedance  of  the  ooil  is  increased  ;  when  it  is  in  its  furthest 
position  from  the  coil  the  magnetic  field  of  the  latter  ia  closed 
through  the  drum-shaped  core  and  its  impedance  is  vory  great. 

This  same  device,  of  a  movable  secondary  of  one  turn  of 
heavy  metal,  has  boon  used  as  a  transformer  for  electric  weld- 
ing work.  In  this  cose  the  sheath  is  not  itself  a  closed  circuit, 
the  terminals  being  connected  to  the  pieces  to  be  welded. 

The  principle  which  underlies  this  regulating  apparatus  is 
simply  that  the  presence  of  a  closed  secondary  circuit  over  the 
primary  coil  greatly  reduces  the  impedance  of  the  primary  circuit 
in  question.  When  the  sheath  is  directly  over  the  primary  it 
is  traversed  by  very  heavy  induced  currents,  and  hence  there 
is  a  certain  waste  of  energy  in  employing  such  an  apparatus ; 
but  it  has  great  advantages  over  a  simple  graded  choking  coil, 
in  that  the  impedance  can  be  varied  continuously  and  without 
breaking  circuit. 


§  25.  Station  AppUancea  In  the  Thomson-Honston  System. 
— Earth  DetKtor. — Every  switch-board  is  provided  witii  an 
earth-detector,  by  means  of  which  an  "  earth  "  or  '*  ground  " 
may  be  detected  if  existing  on  the  primary  mains.  This  appa* 
ratiis  is  shown  in  Fig.  105.  It  consists  of  a  amal!  transformer, 
mounted  on  a  board  with  a  lamp  on  its  secondary  circuit  and 
with  a  two-way  switch.  One  end  of  the  primary  wire  of  this 
small  transformer  is  permanently  connected  "  to  earth,"  and  the 
other  primary  terminal  can  be  connected  by  the  switch  to  one  or 
other  of  the  two  primary  mains  at  pleasure.  If  an  earth  exists 
on  one  side  of  the  main  primary  circuity  then  when  tlte  testing 
transformer  has  ita  ungroimded  polo  put  to  the  other  main, 
the    lamp  in    its    secondary   circuit    will    light  up,  because 
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curreut  Buds  its  way  through  to  earth  in  flowing  through  the 
primary  coil  of  the  testing  transformer.  The  lighting  of  the 
lamp  when  the  switch  has  one  position  or  the  other  not  only 
indicates  a  "  f^round/'  but  shows  which  primary  main  it  is  on, 
provided  that  the  fault  is  of  auffioieut  magnitude  to  let  out 
primary  current  enough  to  operate  the  lamp  on  the  secondary 
of  the  testing  transformer. 


Fm.  105. — Orouud  Detector. 


Station  Tra7is/ormer8, — On  the  switchboard  ia  also  mounted 
a  transformer,  which  provides  current  for  lamps  to  light  the 
switchboard,  and  also,  by  connection  with  a  voltmeter,  enables 
the  primary  pressure  in  the  station  to  be  measured. 

Lightning  An'eittrs. — All  overhead  primary  circuits  are  pro- 
vided with  hghluiug  arresters,  both  at  the  station  end  of  the  line 
and  at  the  trauHformers.  The  principle  of  these  inatruments,  of 
which  the  station  lightning  arrester  is  shown  in  perspective  in 
Fig.  106,  is  the  same  as  that  of  the  well-known  Thomson-Houston 
lightning  arrester  whichhafl  been  bo  long  and  successfully  used  in 
connection  with  the  arc-light  system  of  the  Thomson-Houston 
Company.  This  arc-circuit  lightning  arrester  is  shown  in 
Fig.  107,  and  consists  of  an  electro-magnet,  the  coils  of  which 
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oru  in  aerios  with  the  arc-light  circuit.  In  Ijuivseeu  the  pole« 
of  bhlfl  magnet,  but  well  insulated  from  them,  are  a  pair  of 
DUTTod  metallic  homa.*  One  of  these  horns  is  in  conneotioa 
with  the  line  and  the  other  in  connection  with  the  earth.  Hi 
a  lightning  discharge  strikes  or,  as  is  more  often  the  oa8€^ 
inductively  acts  on  the  Hue,  the  inductance  of  the  oleotro- 
magnet  blocks  the  pnth  of  the  discharge,  and  it  leaps 
across  the  air-spacu  between  tho  horuti  and  goes  to  earth.     lu 


FiG.  106.— SUti<*n  Lightning  Arrester. 

doing  this,  an  arc  would  sturt  between  the  horns,  were  it  not 
for  the  fact  that  a  strong  magnetic  field  is  produced  hy  the 
electromagnet  in  this  air-space,  tho  lines  of   force  of   which 


*  For  the  use  o(  this  block  (Fir.  107)  tb«  writer  is  indebie^l  to  MBSm. 
Ijuog,  Wliartou,  and  Down,  aud  hv  takea  the  opportuoity  ftt  tho  same  time 
uf  M:kiiowl«dging  the  kiudneu  of  Mr.  J.  W.  Kirkliuitl,  uf  tho  Thuiusuo 
Houston  Electric  Light  Compftny,  in  thelTniUMl  Stale*,  in  fui-niahing,  by 
panoudoD  of  Prof.  EUhu  Thomson, Bkctcbefl  and  detiiiled  infutiualiun  ou  the 
Thotneon-UouBton  iyBt«ui,  which  ha»  rendered  tt  poaaible  to  make  the  &boTP 
dv«criptiuaa  much  more  ocnuplete  than  they  would  otherwise  h»re  been. 
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are  perpendicular  to  the  path  of  the  discharge.  The  arc  is,  there- 
fore, pushed  forward  along  the  curved  horns,  and  finally  blowrn 
out  or  extinguished.  This  highly  ingenious  apparatus  stands 
guard  over  the  arc-light  dynamo ;  and,  by  placing  one  on  each 
end  of  the  arc  line,  the  dynamo  and  switchboard  is  etfectually 
protected  from  discharge  due  to  lightning.  Quite  the  same 
principle  is  applied  in  the  station  and  transformer  lightning 
guards  shown  in  Figs.  106  and  108.  The  connections  of  the 
transformer  guard  are  shown  in  Fig.  108.  The  two  primary 
wires  proceeding  to  a  transformer  enter  the  lightning  protector 


Fio.  107. — Thomson- Houiton  Arc-line  Liglttniof^  Pnitaotor. 

at  the  terminals  a  6,  and  are  connected  with  the  transformer 
through  the  pipe  e.  To  each  of  the  tenniuals  a  and  h  is  con- 
nected one  end  of  the  coil  of  an  eloctro-magnet  d,  the  other 
end  of  which  is  attached  to  a  terminal  placed  near  to  a  metal 
plate  connected  to  earth.  If  a  lightning  discharge  affects  the 
line  it  could  cause  an  are  to  start  between  the  earth  plate  and 
each  of  the  terminals  of  the  electro-magnet  coils  near  it.  These 
magnets  are,  however,  so  arranged  that  the  magnetic  field 
created  by  the  current  then  started  through  them  will  blow 
out  the  arc  and  stop  the  discharge.  All  tranaforniers  which  are 
fed  from  overhead  primary  lines  are  protected  in  this  manner. 

T 
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Ditlribuiion  System, — A  very  large  portion  of  the  trans- 
former lighting  of  the  Thomaon-Houatoa  Company  in  the 
United  States  is  carried  on  by  moans  of  overhead  or  aerial 
primary  tinea.     The  usual  working  prcasure  on  the  primary 


Ghouno 


Pro.  106.- -Connectioos  of  Tnuirfonner  Lightning  Arrester. 

oirouitn  is  1,000  volts.  In  setting  out  these  lines  several 
maiu  primary  lines  are  run  to  iron  feeder  boxes  {ue  Fig.  109), 
and  from  these  boxes  distribution  primary  lines  are  run  to 
groups  of  transformers.     Fuse  wires  or  out-outa  are  inserted  in 
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the  feeder  boxes.  The  transformers  are  placed  in  the  buildings 
or  are  attached  to  the  external  walls  of  buildings,  and  these 
transformers  are  enclosed  in  cast-iron  boxes  which  have  weather- 
tight  lida  at  both  ends  covering  receptacles  in  which  are  placed 
the  primary  and  secondary  fuse  wires  of  the  transformers.  The 
secondary  fuse  wires  are  generally  mounted  on  a  porcelain 
base  and  the  primary  ones  also.  A  special  switch  permits 
the  transformer  to  be  out  out  of  circuit  whilst  changing  the 
fuses. 


Fig.  109.— Feeder  Bux. 


A  general  plan  of  an  installation  of  alternating  current 
Apparatus  is  shown  in  Fig.  110.  Starting  from  the  station  the 
wiring  is  as  follows  : — 

The  primary  lines,  protected  by  station  lightning  arresters,  are 
run  from  the  dynamo  to  the  centres  of  distribution  where  feei^er 
boxes  containing  the  necessary  safety  fuses  are  interposed,  and 
from  which  run  the  mains  for  the  supply  of  the  transformers 
and  lamps. 

Before  the  current  for  any  group  of  lamps  is  taken  to  the 
transformer,  it  passes  through  a  junction  box,  from  which  the 
lines  lead  directly  to  the  primary  connections  of  the  trans- 
former. To  the  Hecondaries  of  the  transformers,  the  wires  for 
the  direct  supply  of  the  lamps  are  attached.    Before  the  current 

t2 
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reaches  the  lamps  it  passes  a  doable  pole  out-out  box  provided 
with  safety  fuses  and  the  automatic  protective  device. 

In  every  installation  of  altenmting  current  apparatus,  use  ia 
niade  of  transformer  lightning  arresters,  connected  as  shown  in 
the  diagram.  Each  feeder  box  has  a  sliding  glass  cover^  which 
can  be  easily  removed  to  replace  or  change  fuses,  and  permits 
of  a  ready  examination  of  the  interior.  The  conneotions  are 
so  arranged  that  the  box  may  be  cut  completely  out  of  circuit 
during  such  changes. 


Pio.  111. — ThtrniBon  ProtectiTO  Device. 


The  Thomson  Houston  Electric  Company,  in  all  installations 
of  alternating  current  apparatus  for  incandescent  lighting, 
employs  the  Thomson  Protective  Device  (shown  in  Fig.  111). 
It  is  a  simple  but  efTective  appliance  for  removing  the  poesl- 
bilifcy  of  accident  which  might  arise  fn)m  cnntact  of  persona 
with  the  secondary  circuit  It  is  also  a  preventive  of  fires  by 
leaky  secondaries. 

There  are  three  conditions  which  must  be  simultaneously 
satisfied  before  this  possibility  can  bo  said  to  exist. 

1.  There  must  be  a  ground  on  the  primary  wires. 

2.  There  must  bo  a  contact  between  the  primary  and 
secondary  coil  in  the  transformer. 


278     DISTRIBUTIOV  OF  ELECTRICAL  ENERGY  BY  TRANSPORMEHfl. 

3.  Tho  person  must  be  in  contact  with  the  secondary  and 
with  tho  earth  at  the  same  time. 

The  fulfilment  of  the  first  of  the  above  oonditions  ia  of  not 
uncommon  occurrence,  and  the  presence  of  a  ground  can  be 
easily  detected,  and  means  can  be  at  once  taken  to  rcmed/ 
the  trouble. 

The  second  condition  is  met  with  seldom,  but  is  only  liable 
to  occur  when  transformera  are  injured  or  subjected  to  rough 
usage  in  shipment,  or  by  tho  eflfecta  of  lightning. 

The  remoteness  of  liability  to  accident  is  quite  apparent 
when  it  is  remembered  that  these  conditions  must  be  simulta- 
neously satisfied,  and  even  then  the  extent  of  the  injury 
depends  upon  the  relative  position  of  the  contacts  with  refer- 
ence to  the  two  primaries. 

As  the  fuUilnient  of  the  above  conditions  is,  of  course,  not 
beyond  tho  range  of  possibility,  the  device  herewith  described 
has  been  designed  to  prevent  any  injury  resulting  from  a  con- 
tact with  the  secondary  wires  when  these  requirements  are  ful- 
filled. It  consists  of  three  base  terminals,  to  the  central  one  of 
which  is  rigidly  attaclicd  a  flat  brass  spring  pressing  against 
the  two  outside  terminals,  but  normally  held  out  of  contact 
with  them  by  slips  of  Thomson  paper  film.  This  paper  film  ia 
very  carefully  ])repared  so  that  it  readily  withstands  the  pres- 
sure of  the  spring,  but  is  instantly  ruptured  when  the  first  and 
second  conditions,  mentioned  above,  arc  satisfied.  To  the 
central  terminal  is  attached,  by  means  of  a  binding  screw,  a 
wire  oonneoted  with  the  earth.  To  the  outside  terminals  the 
secondaries  are  led  directly  from  the  transformer.  The  paper 
film  is  perfectly  insulating  for  the  pressure  of  the  secondary 
current,  b\it  if  the  difference  of  jKJtential  between  the  earth, 
with  which  the  brass  spring  is  in  contact,  and  either  one  of 
the  terminals,  to  which  the  secondaries  are  attached,  should 
rise  beyond  the  normal  pressure,  the  paper  film  is  at  once 
punctured.  This  results  in  short-circuiting  the  secondary, 
which  causes  the  primary  fuse  to  blow,  thereby  cutting  out  the 
entire  circuit. 


§  26.  Station  Measturlng  Instrnments. — In  connection  with 
the  Thomson-Houston  trauaformer  syateui  there  are  some  very 
ingenious  measuring   instruments  specially  devised  for  alter- 
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Dating  curreuts.  There  is,  for  example,  an  amperemeter  aud 
voltmeter  (ste  Figs.  112  and  113)  which  act  on  the  same  prin- 
ciple. A  light  brass  anui  swinging  on  almost  friotionless 
bearings,  moves  in  a  vertical  plane,  aud  carries  at  its  extremity 
a  small  horse-shoe,  or  U-sbaped  piece,  of  soft  iron.  A  flat 
circular  bobbin  of  wire,  wound  on  a  split  brass  spool, 
ia  fixed  with  its  plane  verticali  but  centred  ecceutriually 
situated  with  respect  to  the  pivot  of  the  needle.  The 
U-shaped  piece  of  soft  iron  embraces  the  coil,  and  its 
motion  round  the  pivot  ia  constrained  to  be  simply  a  move- 


Fxo.  112. — Altemating'Current 
Ammeter. 


Fio.  X15.— Alteraating-Current 
Voltmeter, 


ment  nearer  to  or  further  from  the  inside  surface  of  this  cir- 
cular coil.  When  a  current  passes  through  the  coil  of  wire  it 
creates  a  non-uniform  magnetic  field  in  the  interior  of  the  coil 
which  is  stronger  near  the  inside  surface  of  the  coil  than  it  is 
at  points  nearer  the  centre  of  the  coil.  The  soft  iron  tends  to 
move  from  places  of  weaker  to  places  of  stronger  field,  and  in 
so  doing  moves  the  arm  to  which  it  is  attached  round  its  pivot, 
and  displaces  the  index  arm.  This  arm  carries  a  counter 
balance  so  fixed  that  the  magnetic  force  on  the  iron  is  opposed 
by  a  force  due  to  gravity,  and  the  position  which  the  needle 
takes  up  under  the  influence  of  these  opposing  forces  is  one 
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which  ia  dependent  on  the  strength  of  the  field  in  the  interior 
of  the  coil,  and  therefore  of  the  strength  of  the  current  in 
the  coils.  The  force  on  the  iron  due  to  the  current  in  the 
coils  is  one  whicli  depends  partly  un  the  strength  of  the  field 
at  the  spot  where  the  iron  is  and  partly  on  the  rate  of  varia- 
tion of  this  field  from  point  to  point  in  the  circular  spaoe. 
If  the  spool  is  wound  with  coarse  wire  the  iustrument  may  be 
graduated  arbitrarily,  and  by  compariaou  with  a  standard  as 
an  amperemeter  If  the  coil  is  wound  with  tine  wire,  and  has 
a  German-silver  resistance  coU  in  series  with  it,  then  the  in- 
strument may  be  graduated  as  a  voltmeter.  In  the  station 
such  a  voltmeter  is  worked  off  the  secondary  of  a  small  re- 
ducing transformer,  which  takes  current  from  the  mains,  and 
serves  to  measure  the  primary  pressure.  These  instruments, 
of  course,  require  to  be  graduated  by  comparison  with  an 
electro-dynamometer  for  the  particular  periodicity  for  which 
they  are  to  be  used. 


§  27.  Street  Llghtizig  by  Incandescent  Lamps. — In  addition 
to  the  incandescent  lighting  by  single  and  gi  lUpeJ  tranHformors, 
the  Thomson- Houston  Com}>any  have  clabcn-ated  a  very  good 
system  of  street  lighting  by  incandescent  lamps  which  meets 
the  demand  for  such  public  lighting  over  considerable  districts 
in  which  it  would  not  pay  to  put  down  transformers  and  work 
the  incandescent  lamps  in  parallel  off  the  eccondaries.  This 
system  of  street  lighting  consists  in  running  sets  of  incan- 
descent lamps  in  series  off  the  primary  mains  of  the  trans 
former  circuits.  A  scries  circuit  starts  (xee  Fig.  114)  from  a 
point  on  one  primary  of  the  transformer  circuit  somewhere 
in  the  station,  and  carries  a  scries  of  incandescent  lamps. 
This  line-  terminates  somewhere  or  other  on  the  other  main 
primary,  and  as  many  of  these  series  lines  are  run  as  may 
be  necessary  to  till  up  the  district  to  be  lit.  The  lamps 
used  for  this  street  system  require  a  current  of  3*5  amperes, 
and  are  of  20,  25,  and  40  candle-power.  The  25  candle-power 
lamp  is  largely  used  for  street  lighting.  The  socket  used  with 
the  lamp  is  provided  with  a  spring  cut-out,  similar  to  the 
Thomson  Protective  Device,  the  function  of  which  is  to  keep 
the  circuit  closed  in  the  event  of  the  breakage  of  a  lamp.  The 
film  is  capable  of  standing  the  25  volts  required  to  work  the 
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Fio.  111.— Strrot  Lighting  l.y  Incandescent  Lompu.  Diagram  No.  1,  allowing  Street 
Lamp  Circuit  of  flO  25  candle-power  25  volt  Lamps,  or  50  20  caiirtle-power 
20  voiL  LiiuiiA. 
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Irttnp,  but  in  the  event  of  the  lamp  breaking  the  full  pressure- 
of  1,000  volts  is  thrown  on  the  film,  immediately  breaking  it 
through,  and  thereby  Bhort-circulting  that  socket.  This  device 
proves  itself  in  practice  to  be  quick  and  efEcieut.  In  order  to  keep 
the  current  constant  for  each  series  line  a  current  indicator 
is  placed  on  each  line  iu  the  station,  and  a  switcli  by  means  of 
which  one  to  five  relief  lamps  may  bo  thrown  into  the  circuit. 
As  long  as  the  proper  number  (viz.,  -10)  of  lamps  are  burning 
on  each  series  lino  the  current  indicator  shows  a  current  of  3'5 
amperes,  but  if  one  lamp  breaks  or  is  extinguished  the  resistance 
of  the  circuit  falls  at  once  and  the  current  rises.  This  is  shown 
by  the  current  indicator,  and  the  attendant  then  switches  on 
one  or  more  relief  lamps  to  restore  the  current  to  its  proper 
value.  When  the  broken  lamp  is  replaced  hy  the  patrol  the 
current  again  falls,  and  the  relief  lamp  in  tlie  sLition  is  switched 
off.  This  series  system  may  be  worked  by  means  of  a  constant 
potential  alternator  and  primary  lines  merely  for  street  light- 
ing alone,  but  it  is  more  frequently  used  in  conjunction  with 
transformer  lighting.  Iu  this  lutit  case  the  constant  ])otential 
primary  lines  are  laid  about  in  a  district,  and  from  these 
primaries  are  taken  off  not  only  the  distributing  conductors 
to  supply  the  house  transformers,  but  also  the  series  lines  for 
the  street  incau descents.  The  arrangement  of  circuits  is  then 
that  shown  in  Fig.  115.  Instead  of  employing  the  »ystem  of 
relief  lamps  and  current  indicator  on  a  bank  board,  another 
device  is  employed  sometimes,  which  consists  in  using  a 
double  socket  and  double  lamps  at  each  spot.  One  of  these 
lamps  only  is  in  the  circuit  at  one  time ;  the  circuit  of  the  other 
is  a  branch  in  which  is  a  film  cut-out  in  series  with  the  lamp.  If 
its  mate  breaks,  then  the  second  lamp  is  automatically  thrown 
into  the  circuit,  and  keeps  a  light  alive  at  that  place.  There  is  in 
this  case  &  relief  lamp  to  every  lamp,  instead  of  merely  five  relief 
lamps  iu  the  station.  In  either  case  a  system  of  transformer 
lighting  for  bouses  is  combined  with  the  street  lighting,  and  the 
incandescent  street  lighting  is  specially  applicable  In  the  case  of 
scattered  villages  and  small  towns  or  suburbs,  where  arc  light- 
ing would  be  impracticable.  In  connection  with  this  system  of 
street  incandescent  lighting,  light  trussed  poles  of  iron  are 
generaUy  used,  which  carry  the  overhead  series  line  and  also  the 
brackets  for  the  street  lamps  (tee  Fig.  116).    This  system  of  street 
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fto.  115.— Street  lighting  by  Tncantieeceat  Lampa.  Diagram  No.  2.  shoving  Btmet 
lAmp  Circuits  aa  arranged  in  conneotion  with  HoUBe-to-Houjie  Lighting 
with  TVansformera. 
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lighting  is  beinf^  considerably  extended.  In  Maiden,  Mass.,  a 
suburb  of  Boston,  U.S.A.,  a  city  of  20,000  iuhatitants,  street 
gas  lamps  have  been  entirely  replaced  by  about  800  2o  caudle- 
power  incandescent  lamps  on  this  system.  The  same  system 
is  iu  use  at  Newton  (700  lamps)  aud  Watertown,  Mass.  ;  West 


Fio.  116.— Light  truased  Pole  for  InoandMoent  Street  Lightiog. 

Point,  Ya. ;  Melbourne,  Australia  ;  Osaka,  Japan  ;  and  many 
other  places. 

§  28.  Thomson-Houston  Oompany's  Oentral  Stations.  Salem 
Station.  One  of  the  most  complete  of  the  Central  Electric 
Supply  stations  erected  and  equipped  by  the  Thomson-Hous- 
ton Company  is  that  at  Salem,  Mass.,  U.S.A.  Electric 
lighting  began  at  Salem  in  1881,  by  the  erection  of  a  very 
small  arc-light  plant,  and  has  been  several  times  remodelled 
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and  extended.  Quite  recently  an  unusually  fine  station  for  an 
output  of  1,700  horse-power  has  been  erected  at  Salem,  and 
although  arc  lighting  forms  the  bulk  of  the  work  done,  yet 
aa  there  is  associated  with  it  alternate-current  machinery  for 
incandescent  lighting,  it  may  properly  be  described  here.  In 
1888  a  site  for  the  new  station  was  selected  close  to 
water,  and  the  erection  of  the  station  begun.  The  service 
of  lighting  was  begun  in  September,  1888.  At  the  be- 
ginning of  1890  the  current  was  being  supplied  for  120 
private  aro  lumps,  180  city  aro  lamps,  53  incandescent  street 
lamps  (series  system)  of  65  candle-power,  44  of  32  candle- 
power,  and  2,000  of  20  candle-power.  The  arc-light  dynamos 
are  in  number  11,  of  30  lights  each;  the  inoandcsocnt  2,  of 
400  lights  each;  2  of  650  lights  each,  and  1  of  1,300  lights,  and 
also  current  is  supplied  for  50  horse-power  in  motors.  The 
details  of  the  construction  of  the  Peabody-street  plant  are  as 
follows  : — The  station  was  designed  by  Mr.  Henry  C.  Patterson, 
chief  engineer  of  the  Thomson-Houston  Electric  Company. 
In  the  construction  of  this  station  it  was  found  necessary  to 
drive  about  one  thousand  piles  of  oak  and  spruce.  The 
piles  are  IicM  tirmly  together  by  an  immense  bud  of  concrete 
made  of  Purtlaud  cement  and  broken  stone  two  foot  thick. 
On  this  bod  the  foundations  for  engines  and  shafting  were 
oonstmc'tcd,  which  foundations  are  exclusively  of  granite  laid 
in  cement. 

In  equipping  this  plant  it  was  thought  advisable  to  install 
at  first  one-half  of  its  present  capacity.  This  was  done  by  the 
erection  of  two  compound  condensing  engines  of  350  horse- 
power each,  and  one  engine  of  160  horse-power.  All  three 
engines  belt  to  the  same  shaft  («^«  Figs.  117  and  113)f  making 
it  possible  by  the  use  of  clutches  to  run  any  one  of  the 
engines  on  the  same  shaft  at  one  time.  In  oase  of  accident  a 
defective  engine  can  be  shut  down,  and  the  load  at  once  taken 
up  by  the  others.  Space  is  reserved,  and  foimdations  are 
already  prepared,  for  two  more  engines  of  350  horse-power 
each,  and  additional  shafting.  This  makcfc  the  total  output 
of  the  plant  1,660  horac-]>ower.  The  engines  are  condensed 
by  means  of  a  surface  condenser,  which  returns  the  condensed 
water  directly  back  into  the  boilera^  but  passing  on  the  way 
through  eoonomisers. 
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Figs.  IIT  and  118  show  an  elevation  aud  plau  of  this  Saloiu 
Station. 

The  boiler-hoiise  is  90ft.  long  by  50ft.  wide;  h&a  Bpoce  for 
ten  boilers  of  125  horae-power  each,  with  Jarvis  furnace, 
four  of  which  are  already  installed.  The  boilers  are  placed 
upon  granite  foundations  which  rest  upon  piles,  aa  in  the  pre- 
vious case.  They  are  oonstruoted  in  the  most  approved  manner^ 
from  apGciSoations  furnished  by  the  engineering  department  of 
the  Thomson-HoiiBton  Electric  Company.  They  are  of  the  ordi- 
nary tubular  type,  72in.  in  diameter  and  17ft.  long,  made  with 
extra  strong  seama  and  steel  tubes,  braced  in  a  thorough 
manner,  aii<i  having  a  working  pressure  of  1251b.  to  the  square 
inch.  The  piping  of  this  plant  has  been  carried  out  with 
consideration  for  future  output  of  1,660  horse-power,  and  all 
main  steam  pipes,  as  well  as  exhaust  pipes,  are  large  enough  for 
this  full  duty 

The  second  I!';  of  the  main  binlding,  which  is  115ft.  by 
66ft.,  is  utilised  luv  machiiies  with  a  capacity  of  forty-five 
Thomson- Houston  djrnamos,  fifteen  of  which  were  installed  at 
once.  The  remainder  of  the  second  floor,  not  used  for  this 
purpose,  is  divided  into  ofhces,  work-rooms,  testing-rooms, 
toilet-rooms,  tlcc.  The  coal  shed  has  a  capacity  for  2,000- 
tons. 

The  brick  chimney  of  this  plant  is  130ft.  high,  and  13ft. 
square  at  the  base.  The  chimney  is  square  in  form,  with  a 
round  core  72in.  in  diameter  at  the  bottom,  and  76in.  in 
diameter  at  the  top.  The  structure  contains  250,000  hard 
bricks  laid  in  cement,  and  also  tl  perch  of  granite  in  the  foun- 
dations, which  rest  on  60  oak  piles  firmly  bound  together  by 
3it.  of  Portland  concrete.  This  chimney  haa  a  capacity  for 
1,500  horse-power. 

The  entire  work  of  construction,  the  building,  and  the 
placing  of  the  engines,  boilers,  and  machinery  was  carried  out 
under  the  direct  supervision  of  Mr.  Patterson.  In  the  con- 
struction of  this  plant,  it  has  been  Mr.  Patterson's  endeavour 
to  construct  one  of  the  moat  economical  aud  best  running 
stations  possible,  aud  also  of  an  original  design.  As  the  Salem 
Company  had  increased  their  plant  twice  before  the  construc- 
tion of  this  plant,  it  was  their  desire  to  build  one  of  such  mag- 
nitude as  to  be  entirely  sutificieat  for  the  future ;  and  as  at 
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present  thoj  are  exerting  about  600  horse-power,  it  would  seem 
tliat  there  U  ample  in  reserve  for  some  time  to  oome.  Believing 
that  in  the  couatruction  of  an  electric  light  station  tho  best  is 
the  cheapest,  and  that  a  station  should  be  attractive  to  the 
employes,  the  Salem  Company  has  provided  all  necessary 
accommodation  for  them  with  the  later  addition  of  a  library, 
which  is  filled  with  recent  electrical  books  and  pfiriodicals 
entirely  at  the  disposal  of  the  employes. 

In  regard  to  the  economy  of  the  steam  plant,  the  change 
from  high  pressure  to  compound  condensing,  in  their  present 
location,  has  been  highly  satisfactory,  tho  average  coal  bills  have 
been  reduced  50  per  cent,  sinco  getting  the  now  station  into 
successful  oj)eratton.  This  is  due  to  bettor  facilitioe  for  getting 
ooal,  as  also  to  the  more  economical  engines.  At  a  recent  pro- 
liminary  test  made  with  Georgia  Creek  Cumberland  Coal  and 
steam  pressure  at  110  pounds,  the  boilers  showed  an  evaporative 
power  of  9*7  pounds  of  water  per  pound  of  combustible.  The 
engines,  which  were  developing  a  variable  load,  from  192  to 
419  horse-power,  showed  an  economy  of  1*8  pounds  of  coal  per 
horae-powcr  per  hour. 

§  29.  The  Brush  Alternating  Ourrent  System. — Mordey 
Alternators  and  Transformers. — ^A  very  complete  alternating 
current  system  has  been  developed  by  Mr.  W.  M.  Mordey, 
and  the  construction  of  his  alternators  and  transformers  is 
carried  on  by  the  Bruab  Electrical  Engineering  Corporation 
of  London. 

The  Mordey  Alternator  is  a  wide  departure  in  construction 
from  the  usual  forms  of  alternating  current  machines,  and 
presents  several  features  of  great  interest.  This  alternator  is 
of  the  type  in  which  the  armature  ooils  are  stationary,  while 
the  field  magnets  revolve.  The  general  form  of  the  alternator 
is  represented  in  Fig.  119.  Tho  armature  coils  consist  of  a 
series  of  thin  copper  strips,  wound  over  a  central  core  of  non- 
oonduoting  material,  such  as  slate  or  porcelain.  These  arma- 
ture coils  are  fixed  in  the  interior  of  a  ring  frame  projecting 
inwards  in  a  radial  manner,  and  supporting  one  another  by 
being  placed  in  close  contact.  Each  coil  can,  however,  be  re- 
moved separately  for  repairs,  and  the  coils  when  in  place  are 
joined  up  In  series  {$ee  Fig.  120).     The  field  magnet  consists 
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of  a  central  shaft,  which  ts  embraced  by  a  magnetising  ooil 
(9v  Fig.  121).  On  to  the  alternator  shaft  is  fixed  a  pair  of 
cast   iron   pole-pieces,  vhiob  consist  of  a  series  of  cast  iron 


fingers  meeting  together  with  a  small  air-space  between  the  ex- 
tremities. It  is  easily  seen  that  the  action  of  the  magnettsing 
coil  is  to  make  all  tbe  moguetio  poles  of  one  side,  say,  north 
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polea,  and  all  on  the  other  side  south  poles.  There  ie,  there- 
fore, no  magnetic  lealcap^e  between  adjacent  field  polen  on 
the  same  side,  and  in  this  respect  the  machine  differs  strikingly 
from  all  ordinary  types  of  alternators.  This  revolving  field 
magnet  is  so  adjusted  in  the  machine  frame  with  respect  to 
the  armature  ring  that,  when  rotating,  the  poles  of  opposite 
sides  come  in  close  contiguity  to  the  radial  armature  coils; 
hence,  as  the  field  magnet  revolves,  a  series  of  bunches  of  lines 


Fio,  120.-- -U. 


of  Hordey  Altenfttnr. 


of  magnetic  force  sweep  laterally  through  each  coil,  which  is 
equivalent  to  moving  each  coil  sideways  through  an  inter- 
mittent but  intense  magnetic  field.  Referring  again  to  the 
figure  of  the  armature,  it  may  be  stated  that  the  armature 
coils  are  formed  of  copper  ribbon,  about  ^^th  of  an  inch  wide ; 
each  coil  is  bolted  on  to  the  ring  frame  by  brackets,  and  the 
ends  of  the  strip  conductors  brought  out  through  porcelain 
insulators.      These  brackets  are  so  bolted  to  the  gun-metal 

u2 
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supporting  ring  that  they  can  be  removed  without  diamoun^ 
ing  the  machine.  The  coils,  as  stated,  stand  in  the  narrow 
space  between  the  poles  of  the  field  magnet.  The  poles  of  the 
field  magnets  are  covered  externally  with  a  metal  shield  of  a- 
saucer  shape,  which  prevents  needless  churning  of  the  air.  On 
the  shafts  of  the  field  magnet  are  a  pair  of  contact  rings  with 
rubbing  contact,  by  which  the  exciting  current  is  conveyed  to 
the  bobbins  of  the  field  magnet.  The  shaft  is  constructed 
with  a  collar  like  the  thrust  bearings  of  a  steamship  screw 


Flc.  121. — Field  Mif^et  of  Mordey  Alternator. 


shaft,  by  which  any  lateral  shake  of  the  magnet  is  prevented. 
The  bearings  are  oiled  by  means  of  an  automatic  oil-circulating 
arrangement  in  the  larger  sizes  of  alternators,  which  consists  of 
a  small  force  pump  drawing  oil  from  a  reservoir  and  forcing 
it  through  the  bearings. 

From  one  pair  of  ooils  wires  are  taken  off,  by  means  of 
which  the  electromotive  force  of  the  machine  is  measured. 
In  the  75-unit  machine  there  are  24  armature  coils,  and 
hence  the  reading  of  the  voltmeter  is  ^th  part  of  the  full 
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pressure  of  the  machine.  Owing  to  the  low  armature  re- 
sistance, the  machine  has  very  great  self-regulation  for  various 
loads.  The  characteriatio  curve  ol  the  37A-uiiit  machine  is 
shown  in  Fig.  122,  by  which  it  may  bo  seen  how  small  a 
drop  in  electromotive  force  takes  place  between  full  and  no 
load.  These  machines  are  usually  constructed  for  electro- 
motive force  of  2,000  volts.  The  energy  taken  up  in  magnetis- 
ing the  field  is  under  two  per  cent,  of  the  full  output  of  the 
machine.  The  exciting  current  is  either  provided  from  a  small 
direct  current  machine,  fixed  to  the  frame  of  the  alternator, 
and  driven  from  the  same  shaft ;  or,  generally,  in  central 
stations,  by  means  of  separately  driven  exciters.  Those 
dynamos  are  constructed  in  the  following  sizes  : — 


Siut  of  Mordty  AlUmatora. 

VanufRcturen* 
Mark  

A.  7. 

A.  9. 

A.  10. 

A.  12. 

A.U. 

A.  15. 

A.  20. 

A.  40. 

Output  in  kilo- 
KatU 

26 
867 

S7-5 

QC6 

60 

600 

75 

500 

100 
428 

ISO 
400 

200 
300 

4O0 

Revolutionsper 
mioute  

150 

The  periodicity  eeleoted  for  these  machines  is  100  complete 
alternations  per  second.  The  most  frequently  used  sizes  are 
the  A.  9,  which  is  a  37^unit  machine,  and'  the  A.  12,  which 
is  a  76-unit  machine.  The  first  is  capable  of  maintaining 
about  600  16  c.p.  incandescent  lamps,  and  the  A.  12  about 
1,200.  The  most  interesting  quality  of  these  dynamos  is  the 
great  perfection  with  which  they  work  together  in  parallel  on 
the  same  circuits,  and  when  once  brought  into  step  with  one 
another  by  means  of  synchronising  arrangemeuts,  as  explained 
in  a  previous  section.  It  is  impossible  to  break  these  machines 
out  of  step  with  one  another  when  once  so  synchronised,  and 
they  run  perfectly  in  parallel  for  any  load  downwards  from 
lidl  load  to  that  of  a  single  lamp.  The  construction  of  these 
alternators  marked  a  distinct  epoch  in  the  development  of 
alternating  current  apparatus,  and  the  Paper  r«ad  before  the 
Institution  of  Electrical  Engineers,  in  1888,  by  Mr.  Mordey, 
followed   by   a  demonstration   of    the    practicability  of 
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working  these  machincB  in  parallel,  not  only  when  they  wew 
generating  equal  electromotive  forces,  but  when  one  machine 
was  giving  1,000  volts  and  the  other  2,000.  A  small  adjustable 
resistance  is  sometimes  used  in  connection  with  each  machine  to 
regulate  within  small  limits  the  electromotive  forces  but  it  is  not 
found  neceaaary  to  provide  any  automatic  means  of  regulation 
in  consequence  of  the  low  resistance  of  the  alternator  armature. 
Mr.  Mordoy  claims  for  these  machines,  not  only  that  they 
have  a  very  low  resistance,  but  a  very  low  armature  self- 
induction.      The  armature  resistance  of  the  3T-uait  machina 
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Fio.  122. — CbaracteriatTo  Curve  of  Mordoy  Alternator. 


is  stated   to  bo  about  3  ohms,  and   the  mean  coefficient  of 
self-induction  about  '03  henry. 

The  Brush  Corporation  have  designed,  also,  a  compound 
high-epeed  engine  specially  adapted  for  driving  these  alter- 
nators. The  smaller  sizee  of  these  engines  are  emplo3red 
for  driving  direct  the  exciters  in  central  stations,  the  larger 
sizes  for  driving  the  alternators  by  means  of  a  single  rope 
gear.  The  speeds  of  these  engines  vary  from  120  to  250» 
and  are,  in  all  cases,  placed  high  enough  to  give  a  steady  cur- 
rent from  the  dynamo.  This  is  an  important  point,  especially 
with  alternators  designed  to  run  in  synchronism.     The  crank 
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ah&ft  and  motion  rods  are  entirely  of  Siemens  steel,  and 
the  motion  bearings  square-seated  to  allow  of  easy  adjust- 
ability to  original  level.  The  engine  is  of  the  inverted  marine 
type,  having  a  solid  back  frame. 

The  high-pressure  cylinder  is  6tted  with  a  piston  valve  and  the 


Fig,  lii^s.—  uirect  driven  Kicitcr  lor  Mordey  Alternator. 


low-pressure  cylinder  with  a  slide  valve.  The  steam  admission 
and  speed  of  the  engine  is  controlled  in  three  ways,  according 
to  the  size  of  the  engine  and  the  conditions  under  which  it  is  to 
work. — 

1st.  By  an  Acme  governor  and  throttle  valve,  adjustable 
by  hand  while  the  engine  is  running. 
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2nd.  By  &n  Aome  governor  and  throttle  valve,  supply* 
mented  by  hand-regulating  ezpauBion  gear  acting  on  both 
valves. 

3rd.  By  automatic  expansion  gear,  acting  direct  on  the 
high-pressure  valve^  adjustable  by  hand  whilst  working, 
lupplemented  by  a  hand  regulation  of  the  low-pressure  valve. 

By  meana  of  either  of  these  oontrolliug  arrangements  the 
engines  can  be  regulated  to  work  well  and  efficiently^  exhaust- 
ing either  into  the  atmosphere  or  into  condensers.  The 
piston  rods  and  cross-hoads  are  forged  solid  in  one  piece  and 
move  in  a  g\iide  which  holds  one  side  only  of  the  crosshoad. 
Special  attention  has  been  paid  to  lubrication,  which  is  con- 
tinuous and  needs  little  attention.  The  speed  of  the  engine 
is  governed  by  a  sensitive  high-speed  governor,  which  can  be 
regulated  whilst  in  work.  These  engines  are  made  with 
strokes  VAryiug  from  4  to  24  inches,  and  speeds  varying  from 
260  to  600. 

In  Fig.  123  ia  shown  a  single  cylinder  machine  of  this  type, 
coupled  direct  to  a  Victoria  dynamo  by  means  of  Raworth's 
flexible  friction  grip  coupler.  Such  a  combination  is  well 
adapted  as  on  exciter  for  central  station  work ;  two  or  more 
of  these  exciters  can  be  arranged  to  feed  the  field  magnets 
of  a  series  of  alternators. 

§  30,  The  Mordey  Victoria  Transformer. — These  trans- 
formers are  of  a  very  simple  form,  the  points  aimed  at  in  the 
design  being  as  follows: — High  efficiency  at  all  loads;  good 
regulation  ;  and  high  insulation  and  convenience  in  handling. 

This  transformer  is  of  the  "  shell  "  type.  The  high  and  low 
pressture  coils  are  first  wound  on  formers  in  a  lathe.  The  high 
and  low  pressure  coils  having  been  separately  insulated,  and 
insulated  from  one  another,  are  then  enclosed  in  an  iron  core 
made  of  sheet  iron  stampings.  A  rectangular  sheet  of  iron  has 
a  rectangular  hole  punched  ou'^  of  it  to  such  a  size  that  the 
piece  punched  out  when  placed  cross- wise  (•(«  Fig.  124)  serves 
as  a  core.  These  rectangular  frames  and  cross-pieces  are  piled 
up  in  and  around  the  primary  and  secondary  coils,  the  rectan- 
gular frame  being  slipped  over  the  coil  and  the  cross-piece  put 
through  the  coil,  each  pUte  being  separated  from  its  neighbour 
by  thin  paper,  and  the  whole  pile  of  plates  then  compressed 
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together  by  means  of  tie  rods  in  a  cast  iron  frame.  The  finiahed 
transfomier  ia  then  enclosed  in  an  external  iron  case  [$^e 
Fig.  125).  This  iron  cnae  may  be  made  to  contain  also  double 
pole  high  tension  safety  fuses  and  awltcheB,  and  is  then  adapted 
for  being  placed  on  customers'  premises.  The  trausformers 
are  made  in  thirteen  standard  sizes,  varying  from  750  to 
36,000  watts,  and  all  are  thoroughly  tested  and  have  a  long 
continued  run  at  full  load  before  being  sent  out.  In  con- 
structing this  transformer,  Mr.  Mordey's  aim  has  been  to  design 
a  transformer  having  not  only  high  efficiency  at  full  load, 
but  high  efficiency  at  lower  loads.     The  following  values  are 


^ 
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Flo.  124. — Stamped  iisheeUiroD  Diic  for  Mordey  Trmiufcirmer. 

given  by  him,  as  results  of  eTperimenta  made  with  a  6,000 
watt  transformer. 


Full  load 
jload 

i  

i  , 

i  


Efficieney  of  a  Mordey  Trantformer» 

Efficiency. 


96*7  per  cunt. 

96-2 

96  1 

921 

807 


No  load Loss  I'B 

The  larger  sizes  of  transformers  are  slightly  more  efficient 
than  the  above,  es{.vecially  at  small  load  ;  the  smaller  sizes,  on 
the  other  hand,  arc  slightly  less  efficient. 
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This  form  of  transformer  is  -very  easily  repaired,  and  at  the 


Fia.  125. — Mordey  Trwuforuier. 

same  time  has  a  very  small  electrostatic  capacity,  and  a  very 
small  "drop"  due  to  magnetic  leakage. 
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§  31.  High  Tension  Switches  and  Fuses. — Other  details  in 
connection  with  this  alternating  current  syBtem  have  been  care- 
fully  worked  out. 

A  high  tension  switch  has  been  perfooted  whioh  has  the 
following  qualitioa : — 

1.  A  long  break. 

2.  A  quick  break. 

3.  Good  contact. 

4.  Complete  insulation  from  the  hand  of  the  operator. 

It  consistfl  of  a  hinged  arm,  kept  normally  out  of  contact 
with  a  copper  jaw  by  moana  of  a  spiral  spring.  It  is  closed 
by  pulling  a  silk  or  cotton  cord,  which  may  be  any  length. 
By  pulling  the  cord,  the  arm  is  brought  into  contact  with  the 
copper  jaw,  where  it  is  retained  by  a  catch  or  trigger.  It  is 
released  by  pulling  another  cord,  so  that  neither  in  breakiixg 
nor  iu  making  contact  is  there  the  least  danger  of  shock  to  the 
user. 

In  the  standard  switchboard  for  central  station  purposes  the 
high-tensiou  switches  are  entirely  enclosed,  and  are  worked  by 
external  handles  and  cords,  as  described.  High-tension  safety 
cut-outs  have  been  perfected  for  use  with  these  machines.  It 
has  been  demonstrated  practically  in  many  cases  that  safety 
fuses  of  very  considerable  length  are  unable  to  break  the  aro 
produced  by  a  short  circuit  in  the  mains  when  the  current  18 
being  supplied  from  a  dynamo  of  very  low  resistance  and  in- 
ductance. The  fuse  adopted  by  the  Brush  Corporation  con- 
sists of  a  copper  wire,  about  three  inches  in  length,  enclosed  in  a 
glass  tube,  filled  iu  with  a  nou-couducting  and  non-inflammable 
powder,  whioh  entirely  quenches  the  arc  when  the  fuse  wire 
melts.  These  fuses  aro  coiuparatively  inexpensive,  and  are  so 
small  that  they  can  be  put  with  safety  inside  the  smallest 
transformers,  thus  avoiding  the  necessity  for  separate  fuse 
oases. 


§  32.  Alternating  Current  Stations  on  the  Mordey  System. 
Lynmouth  Oentral  Station. — An  interesting  installation  haa 
been  erected  at  Lynmouth,  employing  those  Mordey  alterna- 
tors. This  station  is  a  water-power  station,  the  power  being 
obtained  from  the  River  Lyn.  The  water  of  the  river  is 
diverted  into  an  open  conduit  and  thence  into  an  iron  pipOi 
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30in.  in  diameter  and  1,705ft.  in  length,  the  available  fall 
of  water  being  95ft.  Thia  fall  of  water  is  conducted  to 
a  14-inoh  turbine,  capable  of  yielding  200  H.P.,  the  water 
being  returned  to  the  river  when  it  has  done  ita  work. 
The  horizontal  shaft  of  the  turbine  is  coupled  direot  to  two 
Mordcy  alternators  of  the  37^unit  size,  ruunixig  at  650 
revolutions  [>er  minute.  The  exciting  current  is  furnished 
from  two  small  direct-current  Victoria  machines  belted  on  to 
the  shafts  of  the  alternators  (ace  Fig.  126).  The  current 
is  supplied  from  the  alternators  at  a  pressure  of  2,000  volta, 
partly  by  underground  and  partly  by  overhead  mains.  From 
the  station  it  is  conveyed  to  Lynton,  whore  the  distribu- 
tion takes  place,  through  transformers  placed  on  ciistomere* 
premises.  The  primary  mains  in  the  town  are  underground, 
and  the  pressvire  is  reduced  from  2,000  to  100  volts  for  use  in 
incandescent  lamps  by  transformers  on  the  various  premises. 
Bach  of  Che  37J-uuit  alternators  employed  is  capable  of  main- 
taining 1,200  or  1,300  8  c.p.  lamps,  all  burning  at  one  time. 
The  plant  has  now  been  in  operation  some  yean  most 
■uooeiifully.  ^ 


§  33.  Bath  Electric  Lighting  SUtioxL— The  electric  lighting 
of  Bath  iu  carried  uut  by  uieaus  of  alternate-current  plant,  on 
the  Mordey- Brush  system.  The  incandescent  lighting  plant 
and  the  bulk  of  the  generating  plant  was  constructed  by  the 
Brush  Company  and  erected  to  the  instructions  of  Mr.  Massing* 
ham,  who  commenced  electric  lighting  work  there  in  the  first 
instance  an  a  private  enterprise.  The  station  is  a  brick  and 
stone  building,  covering  an  area  of  about  150ft.  by  QOfl.  The 
engine  and  dynamo  room  is  113ft.  by  'iOft.  The  walls  axe  of 
stone,  having  vertical  iron  pillars  at  intervals,  which  carry  a 
horizontal  girder  on  which  an  overhead  traveller  rami.  The 
boiler-house  is  90fL  by  40ft.,  and  lies  adjaoent  to  the  engine- 
room.  At  one  end  of  the  boiler-room  is  a  red  brick  chimney 
shaft,  90ft.  high  and  4ft.  9in.  clear  diameter  at  the  top.  This 
shaft  takes  the  produota  of  combustion  from  four  Baboock 
boilers  of  150  H.P.  each.  Room  is  provided  in  the  house  for 
twelve  such  boilers.  The  engine-room  {as  shown  in  oar  en- 
graving) is  occupied  partly  by  a  Thomson-Houston  arc-light 
plant  and  partly  by  the  alternate-current  plant     Thia  laat 


302   DCBTRUIUTION  OF  BLECTKIOAL  SNBBGY  DT  TRANSFURUGnS. 


oonaifita  of  four  75-unit  Mordey  alternators.  Each  altomator 
18  driven  hy  rope  gearing  from  a  separate  high-speed  compound 
condensing  engine  of  150  H.P.,  built  by  the  Brush  Company. 
Each  alternator  has  its  own  exciter  driven  from  the  alternator 
shaft.  The  voltage  of  the  alternators  is  2,000,  and  the 
maximum  current  from  each  35  amperes.  Each  of  these 
dynamos  is  driven  by  a  continuous  length  of  1  ^in.  cotton  rope, 
running  eight  times  round  the  pulley  of  the  alternator  and  the 
grooved  fly-wheel  of  the  corresponding  eugiuo,  a  guide  pulley 
serving  to  keep  the  rope  in  place  in  bringing  it  back  from  the 
last  groove  to  the  first.  The  diameter  of  the  engine  cylinders 
is  respectively  12in.  and  20in.f  and  the  stroke  14in..  There 
are  special  arrangements  for  altering  the  cui-utT  by  hand 
whilst  the  engine  is  running.  The  engine  speed  is  180  revolu- 
tions per  minute.  The  engines  exhaust  into  a  14in.  common 
exhaust,  and  arrangements  are  made  to  lead  the  exhaust  steam 
into  condensers,  or  into  the  atmosphere.  The  condensiu^  plant 
consists  of  two  surface  condensers,  each  having  1,000  square 
feet  surface,  and  one  l^worth  cotnbined  circulating  and  feed 
pump,  which  is  driven  by  a  compound  engine.  The  object  of 
this  last  arrangement  is  to  obtain  greater  economy  in  the 
power  used  in  driving  the  circulating  and  feed  puuips.  Water 
for  condensing  is  available  from  the  river  close  to  which  the 
station  is  situated.  Valves  are  fitted  to  the  condensers,  so  that 
one  or  both  can  be  used  at  the  same  time,  and  a  relief  valve  is 
fitted  into  the  end  of  the  exhaust  pipei  so  that  in  the  event  of 
a  condeuser  being  shut  off  exhaust  takes  place  automatically 
into  the  atmosphere.  A  3-inch  feed  pipe  runs  from  the  con- 
densers to  the  boilers,  and,  in  addition,  Duplex  pum[)B  have 
been  fixed,  so  that  the  boilers  can  be  fed  iudepcmUintly  of  the 
condensers.  For  draining  the  steam  pipe  two  automatic  steam 
taps  have  been  fixed ;  these  discharge  into  a  tank  from  which 
(he  water  Hows  into  a  hot  well.  The  alternators  work  in 
parallel,  and  deliver  currents  into  eight  circuits,  which  are  laid 
underground.  These  high-pressure  conductors  consist  of  Cal- 
lender  cable,  laid  under  the  footways,  in  iron  troughs,  filled  in 
"solid"  with  bitumen.  These  cables  have  proved  themselves 
to  be  satisfactory  as  regards  insulation.  In  each  house  or 
building  lighted  there  are  placed  transformers  in  iron  csises,  and 
these  are  fed  with  primary  current  at  2,000  volts.  They  reduce 


THE    ALT! 


mas  (rafet-red  to  oq  pogcji  501—303 


DISTRIBUTION  OP  BLECTAIGAL  8NER0T  BT  TRANSFORMERS.    303 


the  pressure  to  100  or  50  volta  for  use  with  incandescent  lamps. 
As  the  distances  to  be  covered  were  considerable,  and  the 
lighting  at  first  sparse,  it  was  found  necessary  to  employ  the 
distributing  transformer  system,  and  not  to  "  bank  "  the  trans- 
formers. Tlie  sizes  of  transformers  chiefly  used  are  the  750, 
1,500,  and  3,000-watt  sizes.  These  transformers  are  of  the 
improved  Mordey  type,  above  described.  A  very  similar  station 
was  also  erected  at  Bournemouth  by  the  Brush  Company  for 
the  supply  of  electric  current  on  the  alternating  system. 
Mordey  alternators,  Brush  compound  engines,  and  Babcock 
boilers  are  also  employed  there.  The  Mordey  alternators  are 
worked  regularly  in  parallel. 

§  34.  Ferranti  Altemating-Oorrent  System. — Mr.   Ferranti 

began  in  the  Lttter  part  of  1885  to  develop  his  alternating- 
current  system,  comprising  alternators,  trausformerB  and  cables 
of  special  fortUH,  coutttituting  together  a  complete  system  of 
ftlternating-curreut  supply  by  means  of  transformers.  We 
proceed  to  describe  the  several  elements  of  this  system  and 
then  some  of  the  complete  installations  which  have  been  made 
with  it. 

The  Ferranti  Alternators. — The  general  design  of  one  of 
these  alternators  is  shown  in  Fig.  127.  The  revolving  portion 
is  the  armature  in  which  the  alternating  currents  are  generated, 
and  in  the  case  of  the  direct-driven  alternators  this  armature 
constitutes  the  fly-wheel  of  the  engine.  The  fixed  portion  is 
the  field  magnet.  The  general  construction  of  the  dynamo  is 
seen  to  consist  of  a  frame  in  two  portions,  which  are  bolted 
together,  but  which  con  be  separated  from  one  another  along 
one  of  two  jilanes,  for  the  purposes  of  repairing  and  cleaning 
(bm  Fig.  128).  Kach  half  of  the  cast-iron  frame,  or  carcase, 
carries  a  series  of  projecting  wrought-iron  pole-pieces,  which 
are  cast  into  the  frame  ($ee  Fig.  129).  These  pole-pieces 
come  into  opposition  with  one  another  when  the  frame  is 
put  together,  and  are  eicited  by  magnetising  coils,  con- 
sisting of  copper  strip,  wire,  or  band,  wound  on  them,  the 
different  layers  being  insulated  by  thin  sheet  vulcanised  fibre. 
When  these  pole-piecea  are  magnetically  excited^  the  poles  are 
alternately  north  iiud  south  all  round  the  frame  on  one  side, 
and  in  opposition  to  each  north  pole  In  one  half  of  the  frame 
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is  a  south  pole  on  the  other  half  of  the  framo.     In  the  clearance 
Bpaoe,  therefore,  betweeu  the  poles  thero  are  a  aeries  of  bunches 


Fio.  129.— Hftlf-O&retwM  or  Magnet  Prame  of  1,250  H-P.  Fenrnnti 
Altamfttor  ftt  Deptford. 


of  lines  of  force  alternately  in  opposite  directions,  and  there  is 
also  a  leakage  field  between  the  adjacent  oppositely  named  poles 
on  the  sflune  side.     The  armature  abaft  ia  a  steel  shaft  having 
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a  grooved  pulley  keyed  on  it  for  rope  driving,  which  is  slung 
between  two  aelf-odjusting  bearings.  The  steel  shaft  curries  a 
gun-metal  hub,  or  disc,  which  fomia  the  basis  of  support  for  the 
armature  coils.  The  armature  winding  has  been  developed  from 
what  used  to  be  known  as  the  zigzag  armature  winding,  and  is 
indicated  as  to  its  general  nature  by  the  diagram  given  in  Fig. 
130.  Opposite  to  each  magnetic  pole  stands  one  loop  of  the 
armature,  and  as  the  armature  moves  forward  in  the  alternating 
field  induction  takes  place  in  each  loop  in  such  a  way  that  the 
currents  induced  in  the  loops  are  all  in  one  direction  during 
one  step  of  the  progress  from  pole  to  pole,  and  all  in  the  other 
direction  during  the  next  successive  step.  The  machines,  there- 
fore, yield  au  alternating  current,  the  frequeuuy  of  which  is  given 


hiG.  130. — Ferranti-Thomsun  Armature  Wmtliui;. 


by  the  product  of  half  the  number  of  pole-pieces  and  the  speed 
of  revolution.  This  frequency  is  now  in  all  machines  10,000 
semi-alternations  per  miuutOi  or  5,000  complete  alternations, 
equivalent  to  a  frequency  of  83  f\j  per  second.  In  the  actrnJ 
machines^  the  various  portions  of  the  armature  consist  of  a  set  of 
fleporate  flat  spirals  of  copper  tape,  wound  up  into  flat,  oval,  or 
egg-shape  coils  on  a  non-conducting  core  of  a  particular  kind. 
A  pair  of  these  coils  are  so  joined  up  that  when  their  outside  ends 
are  connected  together  in  the  centre,  the  course  of  the  winding 
in  the  two  coils,  looked  at  from  one  side,  is  in  the  opposite 
direction.  This  pair  of  coils  constitute  one  unit  of  the  armature, 
and  they  are  earned  on  insulated  metal  bases,  called  bobbin- 
holders,  as  shown  in  Fig.  131.     Each  armature  coil  consists  of 

x2 


no.  13L— DeUilit  of  Anoatare  Bobbins  and  Bobbin  Holden  of  Femntl 
Alternator. 
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high-conductivity  copper  tape,  which  has  a  groove  or  doprca- 
sion  impressed  upon  it,  in  order  that  when  wound  up  into  a 
flat  spiral,  the  different  layers  of  tape  shall  not  slip  ovei 
one  another.  The  insulating  material  between  the  layers  ol 
copper  tape  consists  of  one  or  more  strips  of  thin  and  well  dried 
vulcanised  fibre.  The  core  on  which  this  spiral  is  wound  up 
consists  of  a  laminated  brass  piece  cut  into  Bngers  or  blades, 
like  a  fan ;  the  interval  between  these  fingers  is  filled  up  with 
asbestos  cardboard,  and  the  whole  mass  is  compressed  very 
tightly  into  a  stiff  non-conducting  core,  on  which  the  corrugated 
copper  tape  is  wound.  When  these  bobbins  are  thus  prepared, 
they  are  soldered  together  in  pairs,  as  described,  the  one  indi- 
vidual of  the  pair  being  held  in  one  bobbin-holder  and  the 
other  in  the  adjacent  one.  The  two  bobbins  which  are  held  in 
the  same  bobbin-holder  are  insulated  from  each  other  by  a  atrip 
of  ebonite  put  between  them,  but  the  ends  of  the  copper  tape 
on  the  two  coils  are  connected  together  electrically  through  the 
bobbin-holder.  The  shanks  of  the  bobbin-holders  are  fixed 
into  the  gun-metal  hub  of  the  armature  by  an  insulating 
cement  made  of  sulphur,  and  the  shank  of  the  bobbin-holder  is 
protected  by  an  insulator  of  ebonite  formed  with  wide  flanges 
so  as  to  give  great  surface  and  prevent  electrical  leakage. 
The  general  method  of  fixing  these  bobbin-holders  is  as  fol- 
lows : — In  the  gun-metal  hub  there  are  a  series  of  cavities. 
The  shank  of  the  bobbin-holder  is  passed  through  the  ebonite 
sleeve  insulator  and  down  through  a  hole  in  the  poriphcry  of 
the  hub.  A  nut  is  then  screwed  on  its  end,  which  nut  lies  in 
the  cavity  in  the  hub.  The  space  all  round  the  nut  in  the 
cavity  is  thon  filled  in  with  the  sulphur  cement.  This  method 
of  insulating  and  holding  the  bobbin-holders  has  been  found 
to  be  electrically  and  mechanically  an  excellent  one. 

When  the  coils  are  all  arranged  in  the  armature,  they  are 
connected  up  in  two  parallel  series,  so  that  one  end  of  the 
diameter  constitutes  one  pole  of  the  niachine  and  the  other 
end  the  other;  connections  are  made  with  these  two  extremities 
of  the  armature  circuit  by  means  of  iasiiIateU  copper  rods, 
which  come  out  through  the  hollow  steel  shaft  to  collector  rings 
fixed  to  this  shaft  (ste  Fig.  132).  When  the  armature  is  in 
place,  these  thin  bobbins  move  round  in  the  narrow  air  space 
between  opposing  field  magneto,  which  just  allows  free  room 
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for  the  coils  to  move.     The  width  of  the  armature  coils  varies 
from  half  an  inch  to  one  inch. 

In  the  150  horse-power  machine  the  armature  coils  are  built 
of  copper  strip  '012in.  in  thickness  and  half  an  inch  wide.  In 
the  300  huruepower  machine  the  copper  strip  is  '04in.  thick 
and  '625iu.  wide.  In  the  625  horse-power  machine,  there  are 
2  strips  in  parallel,  each  '024in.  in  thickness,  and  '625ia.  wide; 
and  in  the  1,500  horse-power  machine  the  strip  is  '02in.  in 
width  and  lin.  wide.  In  all  caeeH  the  cross  section  of  the 
strip  is  sufHcicnt  to  give  ample  current  carryio;^  power  for 
the  particular  size  of  machine.     The  edge  of  the  copper  atrip 
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being  exposed  to  the  air  assists  ventilation,  and,  furthermore^ 
a  series  of  metal  wings,  cast  on  to  the  bobbin-holders,  act 
as  a  fan  when  moving,  and  draw  air  in  to  keep  the  armature 
cool. 

The  table  of  the  different  sizes  of  Ferranti  alternators  now 
made,  is  given  on  the  previous  page. 

The  number  of  magnet  poles  on  each  side  of  the  frame  Is 
respectively  16,  20,  24,  40  and  48  in  the  five  sizes,  viz.,  the  75, 
150,  300,  625,  and  1,500  horse-power  machines. 

Besides  these  rope-driven  alternators  the  same  machine 
n  arranged  for  direct-driving  In  sizes  shown  on  the  next 
page. 
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The  excitation  of  tho  aUernatorB  is  effected  by  meana  of  a 
email  dtroct-cnrrcnt  maohJDC  driven  from  the  same  shaft  in  the 
case  of  the  amall  sized  alternatora,  but  by  separately  driven 
independent  cxctterB  in  the  case  of  the  larger  machines.  The 
exciting  amperes  and  volts  of  each  size  are  given  in  the  last 
two  columns. 

The  lubrication  of  the  machines  has  been  carefully  considered. 
In  the  smallest  size  a  small  oil  pump  is  worked  by  a  belt  off  the 
shaft,  and  forces  oil  through  all  the  bearings.  In  the  300,  626, 
and  1,500  horse-power  sizes,  an  eccentric  on  the  shaft  drives  a 
pair  of  oil  pumps,  which  force  oil  at  considerable  pressure  into 
the  underside  of  all  the  bearings,  from  which  it  drains  out  into 
a  cistern  in  the  framework  of  the  machine,  and  is  pumped  bflok 
again.  The  same  oil^  therefore,  goes  round  and  round  very 
often  for  months  together. 

Tho  field  magnet  frame,  as  above  stated,  parts  along  a  certain 
line,  and  is  capable  of  being  separated  by  a  power  arrangement, 
to  enable  tho  armature  to  bo  reached.  In  the  largest  size  of 
alternator  as  employed  at  Deptford,  this  separation  is  effected 
by  means  of  a  small  barring  engine. 

Tho  usual  voltage  of  these  alternators  is  2,400.  For  the 
cases  where  the  largest  sizes  are  used  at  pressures  above  this 
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amount,  riz.,  at  5,000  or  10,000,  special  arrangements  are 
required  to  prevent  the  armature  from  discharging  electri- 
cally against  the  iie]d  magnets.  These  will  be  described  later 
on. 

The  current  is  taken  of!  the  machine  by  rubbing  contacts 
which  press  against  one  or  two  insulated  collector  rings  fixed 
on  the  shaft.     These  collector  rings  are  enclosed  in  a  metal 


Flo.  133. — OoUectorRingBofFerranti  Alternator, 

box  with  glass  sides,  which  is  arranged  as  shown  in  Fig.  133, 
to  as  to  be  inaccessible. 


§  35.  Ferranti  Transformers. — The  general  construction  of 
the  Ferranti  Transformer  has  already  been  described  at  the 
end  of  Chapter  I.  Great  care  is  taken  in  the  selection  of  the 
iron   for   these   transformers,   and  in   the  general  design,  to 
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diminiBb  as  far  as  possible  tbe  "drop"  due  to  magnetic 
leakage,  and  also  to  obtaia  a  higb  efficieucy.  The  standard 
pressures  between  which  these  transformers  work  is  most 
usually  2,400  to  100  or  to  50  volts,  but  tfaey  are  also  wound 
during  the  transformation  from  2,000  volta  to  100  or  50. 
They  arc  made  in  the  bizes  shown  in  the  table  below. 

FERRANTI   TRANSFORMERS. 


Output  in 

electricftl 

horee-power. 

Output  in 

Safe  Bcscondary 

IrmH  in  ^S 

POTBNTIAL 

IN   VOLTB. 

waLlA. 

watt  lamps. 

Prituary. 

Secondary. 

1 

740 

21 

2,400  or  2,000 

100  or  50 

2* 

1.8rJ5 

63 

«i         ir         t» 

»•    »f    »t 

6 

3,7:^0 

loe 

• 

10 

7,4rXl 

21.T 

> 

15 

11,1!K) 

319 

» 

20 

14,020 

420 

• 

50 

37.;«X) 

i,o<;5 

» 

100 

74.<:i>o 

2,UU 

» 

15U 

U1»S*U0 

3,1!»7 

10,000  or  5,000 

2,400  or  100 

The  150  H.P.  transiformer  is  especially  doRigued  as  a  sub- 
Btatioii  instrument  for  reducing  prosBure  from  10,000  or  5,000 
to  2,400  or  2,000  voita.  A  general  view  of  the  150  H.P.  trans- 
former, tranarormiiig  from  9,600  to  2,400  volts,  or  in  a  4  to  1 
ratio,  is  aiiown  in  Fig.  134.  This  transformer  consista  of  three 
ooils — viz.  of  one  high-pressure  coil,  which  is  sandwiched  in 
between  two  low-pressure  coils.  E^ch  of  these  coils  is  composed 
of  copper  8trip  separated  by  a  strip  of  vulcanised  fibre,  like  the 
armature  coils,  aud  wound  over  with  shellaced  cloth  and  vul- 
canised fibre.  In  forming  these  coils,  a  number  of  separate  flat 
coils  are  built  up  one  over  the  other,  and  connected  together  in 
series,  insulating  material  being  placed  between  every  element- 
ary coil.  The  high-pressure  aud  low-pressure  coils  are  separated 
from  one  another  by  sheets  of  ebonite,  with  a  oousiderable  air 
space  between.  The  iron  cores  are  exceedingly  massive,  aud 
formed,  as  described  in  Chapter  I.,  of  flat  bands  bent  over  ia 
opposite  directions  to  form  closed  magnotio  circuits;  tho 
various  layers  of  iron  bands  are  separated  from  one  auother  by 
an  air  space  of  '5  inch]  to  provide  for  ventilation,  or,  in  casea 
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where  the  tmnsformor  is  placed  in  oil,  to  &llov  a  free  ctrcula- 
tioii  to  the  oil. 

It  is   advantageous   to  immeiBe  these   high-tension   trans- 
formers under  the  surface  of  an  insulating  fluid,  diminishing 


FlO.  131.— im;  K.U  r.  i-Vrn-viiti  ■lr:L]!-:.-r;i..jy  .ir  :■'   ■-:,"■  llaa  used  at  th* 
London  Klectric  Supply  Corparation'a  TmuforciGr  Sub-«tatioiu. 


thereby  the  liability  to  electrical  discliarge  between  the  high- 
pressure  coil  and  the  iron  frame,  or  the  low-pressure  coil  whiob 
eriflta  in  virtue  of  the  powerful  electrostatic  field  iu  the  neigh- 
bourhood of  the  high  potential  end  of  the  high-pressure  coiL 
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§  36.  High- Tension  Puses  and  Switches. — In  connection  with 
the  primary  circuita  of  all  transformers  high-tension  fuses  are 
used  on  both  poles.  These  consist  of  a  stoneware  box,  as  shown 
in  Fig.  136,  having  a  sliding  lid.  In  the  groove  in  the  box  lies 
a  fuse  wire  composed  of  one  or  more  strands  of  tinned  copper 
wire.  This  fuse  wire  is  soldered  to  two  brass  plugs,  which  drop 
into  sockets  at  the  extremity  of  the  fuse  box,  into  which  the 
ends  of  the  cables  are  made  fast.  The  length  of  fuse  wire  in 
the  house  service  box  is  about  12in.,  and  for  the  station  fuse 
box  about  24in.  This  great  length  of  break  is  found  necessary  to 
prevent  arciug  when  the  fuse  wire  melts.  The  fuse  boxes  are 
mounted  on  india-rubber  pads  to  insulate  them  from  the  earth. 
The  high'tensiou  switches  cousist  of  a  double  pole  switch  en- 
closed in  a  box  with  a  gloss  front,  and  which  is  moved  from 
"on"  to  '*off"  by  means  of  an  ebonite  handle  outside  the  box. 


FlO.  136i — High- texuion  Fuse  Box. 


§  37.  Ferranti  Concentric  Mains.— Mr.  Ferranti  designed 
for  the  London  Electric  Supply  Corporation  a  form  of 
concontnc  main,  intended  for  extra  hij^'h-pressure  service. 
This  main  is  made  in  lengths  of  20ft.,  and  is  jointed 
together  by  electrical  and  mechanical  joints  of  an  ingenious 
character.  In  the  manufacture  of  this  main,  brazed  copper 
tubes  are  taken,  having  equal  cross  sectional  area,  either 
^in.,  Jin.,  or  Jin.  section,  calculated  respectively  to  carry 
125,  250,  or  500  amperes.  In  the  Jin.  section  main,  the 
copper  tub**8  have  the  following  dimensions.  The  inner  con- 
ductor, or  inner  member,  is  a  copper  tube  (aee  Fig.  136)  of 
whioh  the  inside  diameter  of  cross  section  will  be  called  Dp 
and  radius  Hp  and  the  outside  diameter  D,,  and  radius  R^ 
The  outer  conduct,  or  member,  is  a  copper  tube  of  whioh  the 
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inside  diameter  will  be  called  D,,  and  radius  R3,  and  ite  outside 
diameter  D^,  and  radiua  R^.  The  insulation  between  the  inner 
and  outer  members  consista  of  brown  paper  saturated  with 
black  wax.  The  values  of  tlie  diameters  and  radii  of  cross 
section  of  these  tubes  are  as  follows : — 


Dj  ~    i\-i  of  an  inch 

=    -5625  in. 

i>j=  a  » 

-     -8125  „ 

i>3  =  m  .» 

=  VMV  ., 

D,-l}i    „        „ 

=  1-9375   „ 

Hence  we  have — 

R,  -  -281  in. 

Ri«  =  0789 

B,  =  -400  „ 

R/  -  1648 

R,  =  Itta  „ 

R,'.  -8500 

K.  -  Wir»  „ 

It^*  =  -9389 

r,«-r;^-  u>or>.,     R^» 

-  R3*  =  -OSSD 

Hence  the  area  of  cross  section  of  the  inner  member  is 
IT  (R,'  -  R|')  =>  *2GS0  stq.  in.,  and  that  of  the  outer  member  is 
equal  to  V  (R^*  -  R^^)  =  -2793  sq.  in.,  or  approximately  a 
quarter  of  a  stiiiaro  inch.  The  copfier  resistance  of  the  quarter- 
inch  section  main  is  'Z'2i  legal  ohm  per  mile  run  (including 
lead  and  return)  when  laid.  The  electrostatic  capacity  between 
inner  and  outer  members  is  *367  microfarad  per  mile  run,  and 
the  capacity  between  the  outer  member  and  the  iron  casing 
about  ten  times  us  much.  Tlio  inductance  is  2S0  niicrohenrys 
per  mile,  and  the  dielectric  resistance  between  inuer  and  outer 
copper  about  700  megohms  per  mile.  The  process  of  manu- 
facture of  these  mains  is  as  follows  ; — 

The  tubes  having  been  strained  and  cleaned,  the  interior 
tube  is  wrapped  with  layers  of  browu  paper,  which  have 
been  boated,  and  passed  through  a  black  mineral  wax.  This 
waxed  paper  is  rolled  tightly  round  the  copper  tube,  whilst 
the  wax  is  warm,  in  a  special  machine ;  several  sheets  are 
employed,  one  over  the  other,  building  up  an  insulating 
covering  which,  in  the  case  of  the  Jin.  section  main,  has  a 
thickness  of  Jin.  The  tnbe  so  covered  is  then  slipped  in  the 
outer  copper  tube,  and  the  ont45r  copper  tube  is  drawn  down 
through  a  die,  over  the  inuer  copper  tube,  compressing  the  outer 
tube  and  the  insulation  tightly  together.  The  outer  copper 
tube  i.H  then  insulated  again  with  waxed  paper  rolled  up  over  it 
to  a  thickness  of  ^In.,  and  this   nsulated  pair  of  tubes  is  then 
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slipped  into  an  iron  protecting  tube,  which  nearly  fits  it,  and 
molten  wax  is  forced  in,  to  fill  up  the  int€r8i>ace  (see  Fig.  137), 
The  tubes  so  prepared,  in  lengths  of  20ffc.,  are  then  put  into  a 
lathe  of  peculiar  construction,  and  the  ends  turned  down  in  such 
a  manner  that  one  end  is  tapered  ofT  into  a  cone,  as  shown  in 
Fig.  133.  The  insulating  material  being  tapered  down  from 
the  cud  of  the  outside  copper  to  the  end  of  the  inside  copper 
which  projecta  some  way  beyond  the  outer  tube.  The  other 
end  of  the  main  is  turned  down  into  a  recessed  or  hollow  cone, 
aa  shown  in  Fig.  138,  the  two  cones  being  cut  to  precisely  the 


Vfr'cught 


Fia,  136. — Foll'tlzed  Sevlional  Dr&wiiig  of  Femmti  Trunli 
(|ia  SectioQ.) 


same  angle,  so  that  the  outside  cone  at  the  end  of  one  main  will  fit 
into  the  recessed  cone  at  the  end  of  another  one.  The  connec- 
tion between  the  two  inside  tubes  is  made  by  forcing  in  a  copper 
rod  a  {see  Fig.  139),  which  is  prevented  from  going  in  more  than 
a  certain  length  by  a  little  shoulder  on  the  inner  copper  tube. 

In  laying  these  mains,  the  process  of  making  the  joiat  is  as 
follows: — 

The  20-feet  lengths  of  main  are  laid  down  underground  in 
wooden  boxes,  afterwards  to  be  filled  in  with  pitch,  and  the 
mains  are  separated  by  meaus  of  wooden  bearers.  The  lengths 
of  main  having  been  laid  down  in  the  proper  directiou,  a  copper 
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and  an  iron  alccve  are  slipped  on  over  one  end  of  the  main.  The 
copper  rod  ia  then  pushed  into  the  open  end  of  the  inner  tube, 
and  the  two  intcr-fitting  conea  of  two  lengths  of  the  main  are 
forced  together  by  an  hydraulic  press ;  the  copper  rod  is  rammed 
half  into  one  inner  tube,  and  half  into  the  other,  and  forms  a 
good  electrical  connection  between  the  two  inner  copper  tubes. 
The  copper  sleeve  is  then  drawn  over  so  as  to  connect  together 
the  two  outer  copper  conductors,  and  is  corrugated  on  to  theni 
by  means  of  a  peculiar  tool,  which  compresses  together  the  outer 
oopper  member  of  each  20-foot  length  and  the  cop[>er  tubular 
sleeve  which  connects  them  together.  This  tiibular  sleeve  is 
represented  by  F  in  Fig.  139.  In  the  same  way  the  iron  sleeve 
O  is  then  drawn  over  and  corrugated  on,  connecting  together  the 


Fjcj.  140.-^ 


iron  tubes  of  two  adjacent  20-foot  lengths,  and  the  interspace  I 
between  the  iron  outer  tubular  sleeve  aud  the  inner  copper 
sleeve  is  filled  in  with  melted  wax,  forced  in  through  a  screw  hole 
H,  which  is  afterwards  closed.  lu  this  way  a  juiiit  is  made  in 
which  the  insulation  between  the  outer  aud  inner  copper  tubes 
18  approximately  continuous,  because  the  waxed  paper  cones 
weld  togutlior  under  thu  jjressure  tn  Kuch  a  nmnner  that  they 
require  very  considerable  force  to  pull  them  apart  In  order  to 
allow  for  expansion,  bcnda  are  placed  at  intervals  with  a  slight 
double  curvature  of  an  S  shape.  The  wood  troughing  in  which 
the  mains  are  laid  ia  then  filled  up  with  pitch  and  a  wooden 
cover  is  laid  over  it.  At  intervals  in  the  main  street,  test  boxes 
are  inaerted  so  that  certain  lengths  of  the  main  can  be  isolated 
for  the  testing.  This  street  box  is  shown  in  elevation  in  Fig.  140, 
The  ends  of  the  cables  are  brought  into  the  box  at  opposite 
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ends,  through  stuffing  boxes,  and  the  iuner  copper  members  are 
approached  to  within  a  short  distance.  The  inner  copper  mem- 
bers are  then  connected  together  by  means  of  a  crauk-shaped 
oopper  connection,  so  made  that  by  slacking  the  nuts  the 
crank  pin  can  be  withdrawn,  and  the  mains  disconnected. 
The  oonneotion  between  the  outer  conductors  is  made  by  & 
oopper  clamp,  which  is  wrapped  over  with  waxed  paper  to 
insulate  it  from  the  box.  The  cover  of  the  box  is  then  bolted 
on^  the  box  edges  and  cover  being  tooled  to  true  surfaces.  The 
box  is  finally  pumped  full  of  heavy  resin  oil.  A  junction  is 
thus  effected,  capable  of  easy  disconnection,  and  yet  of  with- 
standing 10,000  volts  or  more,  and  which  is  always  able  to  be 


Fi(k  141.— Ferrftuti  Main.    T  Joint, 

uncoupled  very  quickly  for  the  purposes  of  isolating  and  testing 
certain  lengths  of  main.  In  cases  where  the  junction  has  to  be 
efTocted  at  right  angles  a  T-joint  box  is  employed  of  a  veiy 
similar  description.  The  box  parts  along  the  middle  line,  and 
the  ends  of  the  mains  to  be  connected  are  brought  in  through 
three  stuffing  boxes  ;  a  junction  is  edected  between  the  inner 
members  by  a  screw  bolt  which  screws  through  the  iuner 
copper  member  of  the  main,  and  into  the  end  of  the  inner 
oopper  member  of  the  offset.  Waxed  paper  insulation  is  then 
wrapped  round  this  part,  and  the  connection  between  the  three 
outer  copper  members  is  made  by  a  oopper  fork,  clamped  on  as 
is  shown  in  Fig.  141.  When  the  joint  is  made  the  box  is 
pumped  full  of  resin  oiL 
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§  38.  The  London  Electric  Supply  Cotporation's  Deptford 
Station. — The  DeptfurJ  Sution  of  the  Loudon  Electric  Supply 
Corporation  was  desigtiod  hj  &lr.  Ferrauti  with  the  object  of 
supplying  a  large  area  of  the  Metropolis  with  alternating 
electric  current  from  a  station  situated  oonaiderably  outside 
the  limits  of  the  area  to  be  served.  A  site  was  selected  by  the 
OorporatioQ,  on  the  banks  of  the  Thames,  not  very  far  distant 
from  Greenwich  Hospital.  Ou  this  was  erected  station  build- 
ings, of  which  an  outline  plan  is  shown  in  Fig.  142.  The 
building  is  a  brick  and  stone  structure,  about  210  feet  in  length 
and  195  in  breadth.  The  engine  and  dynamo  room  is  divided 
into  two  bays,  separated  by  a  row  of  cast>iron  columns.  A 
longitudinal  girder  is  carried  down  both  sides  of  each  bay  on 
the  tops  of  these  columns  as  well  as  on  the  wall  buttresses,  and 
supports  the  two  large  overhead  travelling  cranes,  each  capable 
of  lifting  50  tons.  The  traversing  and  motion  gear  of  these 
cranes  is  operated  by  ropes,  worked  by  auxiliary  engines  on  the 
floor.  The  roof  is  an  iron  and  glass  structure,  the  distance  from 
floor  to  roof  being  100  feet.  The  boiler-room  is  designed  to  con- 
tain two  tiers  of  Babcock  and  Wilcox  water-tube  boilers.  Of 
these  the  lower  tier  of  tweuty-four  boilers  are  already  in  place. 
At  eauli  end  of  the  boiler-room  rises  a  smoke  stuck,  the  feature  of 
which  is  that  it  is  divided  into  four  separate  shafts  by  partitions, 
and  each  batch  of  six  boilers  sendb  its  furnace  gaaea  into  one 
quarter  of  the  chimney.  The  height  of  the  shafts  is  150  feet. 
The  feed  wfiter  supply  is  taken  from  a  large  tank  capable  of 
holding  800,000  gallons  of  water.  The  feed  pumps  are  in 
duplicate;,  and  are  placed  in  the  engine-room. 

The  hollers  are  each  nominally  of  500  horso-power,  and  are 
arranged  in  four  batches  of  six  each.  Beneath  the  boilers  is 
placed  a  forced  draught  engine  to  faciliuite  steam  generation 
during  sudden  loads.  The  coal  for  these  furnaces  is  landed  at 
the  wharf  from  the  river,  and  then  transferred  by  means  of  a 
travelling  locomotive  crane  from  the  river  side  direct  to  the 
ashpits  by  means  of  a  line  of  railway  which  runs  right  down 
the  oeutre  of  the  boiler  and  engiue  house.  A  noteworthy 
featuro  of  the  steam  supply  sytitcm  is  the  "multiple"  steam 
pipe,  employed  to  obviate  the  risks  iucurred  by  the  use  of  single 
steam  piping  of  large  diameter.  In  consequence  of  a  serious 
accideut  by  the  explosion  of  a  bend  in  a  copper  steam  pipe  at 
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Deptford,  Mr.  Ferranti  inveDted  a  system  of  steam  pipings 
which  is  in  a  high  degree  free  from  the  usual  risks.  It  coosista 
in  forming  a  large  pipe  of  a  bunch  of  SBialler  solid  drawn  copper 
tubes. 

It  is  possible  that  this  idea  of  bunching  pipes  together  may 
not  be  altogether  new,  but  the  great  difficulty  would  naturally 
be,  in  an  ordinary  way^  how  to  fix  the  pipes  into  suitabloj 
flanges.  Brazing  would  probably  have  to  play  an  important 
part,  and  the  risk  of  rupture  or  explosion  would  be  multiplied 
by  exactly  the  number  of  pipes  used  in  the  construction  of  the 
bunch. 

Mr.  Ferranti,  therefore,  at  once  appears  to  have  discarded 
any  idea  of  brazing  his  pipes  into  the  flanges,  and  adopted* 


Fio.   143. — Sleeve  Juuu  ii  rtrranti  Steam  Pipa' 


after  one  or  two  experimonts^  a  new  system.  All  pipes  are 
expanded  into  the  flanges,  and  single  pipes  are  connected  with 
as  few  flanges  as  possible,  and  this  possible  is  reduced  to  a 
minimum  by  the  adoption  of  a  joint  consisting  of  a  sleeve 
arrangement.  Two  lengths  of  solid  drawn  copper  pipe,  of  any 
suitable  diameter,  have  a  certain  number  of  rings  corrugated 
on  their  surface  close  to  the  end,  the  oomigations  being  to  a 
pitch  which  has  been  determined  upon,  and  to  a  depth  which 
is  definite.  The  two  ends  of  the  pipes  thus  corrugated  are- 
then  placed  **  end  on  "  to  each  other,  and  a  sleeve  of  copper, 
a  sliding  fit  over  the  pipes  and  sufficiently  long  to  well  cover 
all  the  corrugated  rings,  is  drawn  over  the  joint  (see  Fig.  143). 
This  sleeve  is  then  corrugated  down  into  the  grooves  in  the 
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Instde  plp«ft,  and  witbont  any  mandril  being  used  a  perfectly 
steam-tight  connection  is  made.  A  teat  to  which  this  style  of 
joint  was  subjected  was  as  follows  : — The  two  tubes  were  each 
4in  external  diameter,  and  were  of  ^ta  in  thickness  ;  five  cor- 
rugations -^in.  deep  were  made  in  each ;  these  rings  having 
a  pitch  of  lin.  The  corrugated  ends  of  these  pipes  were 
then  inserted  into  an  outer  copper  sleeve  |ia.  thick  and 
12in.  long,  which  was  a  sliding  fit  on  the  pipes.  The  sleeve 
was  then  corrugated  down  into  the  corrugations  already  ex- 
isting in  the  inner  tubes,  and  the  ends  of  the  pipes  were 
next  fitted  into  their  connecting  flanges  and  fixed  therein. 
Such  a  joint  was  subjected  to  hydraulic  pressure  up  to  2,0001bB. 
on  the  square  inch,  without  causing  the  joint  to  break  at  the 
fileeve.  The  connecting  flangea  are  about  2in.  tliick,  and  have 
two  grooves  turned  in  them  to  a  standard  gauge,  the  grooves 
being  about  ^in.  deep,  and  fin.  broad.  The  flanges  are  a 
tight  sliding  fit  over  the  ends  of  the  tubes,  and,  having  been 
slipped  to  their  place,  a  special  expanding  tool  is  introduced 
into  the  tubes,  and  the  tube  is  rolled  or  corrugated  into  the 
grooves  in  the  fianges,  and  makes  a  very  tight  firm  joint.  If 
any  of  the  end  of  the  tube  overhangs  the  fiange,  it  is  next 
trimmed  up,  and  the  thing  is  finislied ;  the  whole  operation  of 
afiixiug  a  flauge  occupying  about  one-third  the  time  taken  by  a 
first-class  coppersmith  in  brazing  an  ordinary  old-fashioned 
flange  on  to  a  tube  of  similar  dimensions.  In  making  main 
stcjam-pipe  seven  smaller  solid  drawn  copper  tubes  are  fixed  into 
common  flanges  {stc  Fig.  144).  The  seven  pipes,  having  been 
fitted  into  the  holes  for  them  in  the  flange,  are  corrugated, 
and  finally  fixed  exactly  in  the  same  manner  as  ia  the  single 
pipe  in  the  small  flange  described  above  j  and  when  a  length 
of  pipe  ia  finished  with  ita  pair  of  flanges,  it  ia  subjected  to 
what  is  considered  a  test  pressure  sufficient  to  prove  the  ■work- 
manship of  the  corrugating.  The  pipes  and  bends  being 
all  of  heavy  and  solid  drawn  copper  may  generally  be  taken, 
considering  their  small  diameter,  to  be  beyond  reproach,  so 
far  as  safely  withstanding  any  working  pressure,  however 
high,  is  concerned  (mc  Fig.  145).  The  peculiar  box  flange, 
and  which  is  known  aa  a  "  special "  A  flange,  is  used  where  the 
end  of  a  line  of  multiple  steam  pipes  ia  to  be  joined  to  the 
steam  drum  of  the  boilers,  to  a  stop  valve,  or  to  the  valve 
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casing  of  the  engines,  and  the  pipes  are  fixed  into  it  in  the  same 
manner  as  into  the  ordinary  standard  multiple  flange. 

In  its  uncovered  state  the  Ferranti  pipe  has  this  disad- 
vantage, that  it  has  much  in  common  with  a  surface  con- 
denaer,  but  it  is  easily  covered,  and  then  there  is  no  practical 


Fio.  144. — Fen-ADti  Multiple  StMm  Pipe  Kad  Flange. 


disadvantage  due  to  the  increased  area  of  surface,  against 
which  the  steam  must  brush.  As  a  matter  of  fact,  there  is  at 
Deptford  one  multiple  pipe  which  delivers  steam  to  a  pair  of 
700  horae-powor  engines  130  feet  away  from  the  boilers  with  a 
loss  of  not  more  than  five  per  cent,  of  pressure.     If  there  is. 
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therefore,  nothing  to  be  found  in  this  objection  which  theorista 
might  raific  to  the  multiple  pipe,  then  all  we  can  say  is  that 
the  practical  advantu^^es  are  many  and  great;  and  a  few  of 
these  advantages  appear  to  ua  to  be  : — 

1.  An  enormously  reduced  probability  of  explosion,  due  to 
the  very  great  increase  in  Btrengch  of  the  multiple  over  the 
single  pipe,  for  the  same  area. 

2.  In  the  event  of  explosion,  the  absence  of,  or  much  mini- 
mised danger  of  damage  to  life  or  property,  owing  to  the  fact 
of  the  small  flow  of  steam,  by  the  failure  oi  one  small  pipe, 


Flu.  145. — Bcbil  lit  i-ermuLi  ot^iii  Pipe. 

fbr  we  cannot  regard  the  failure  of  more  than  one  pipe  M 
being  at  all  probable. 

3.  The  ease  and  certainty  of  obtaining  tubes  of  a  uniform 
thickness  throughout,  the  increase  in  strength  of  solid-drawn 
pipes  due  to  the  drawing  operations,  and  the  obtaining  of 
copper  of  a  definite  standard  condition. 

4.  The  elimination  of  most  of  the  objections  to  brazed  pipes, 
as  there  will  be  no  thinning  of  the  metal  at  any  point,  no 
weakening  due  to  over-heatiug,  and  no  draining  of  molten 
spelter  through  the  joint.  Beyond  this  the  serious  danger  of 
producing  incipient  flaws  when  pUnicihing  or  scarfiog  the  edges 
of  the  copper  plate  is  entirely  obviated. 
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5.  The  great  increase  in  the  flexihility  of  the  bends,  Sco., 
and  the  oonfiequent  ease  in  making  due  and  sufficient  allow- 
ance for  expansion  and  contraction. 

All  the  steam  piping  at  Deptford  is  erected  on  this  system, 
and  has  reduced  the  usual  risks  of  large  steam  pipes  and  bends 
to  a  minimum  quantity.  The  steam-generating  plant  delivers 
steam  to  four  engines  at  present  erected  (1891)  In  the  engine- 
room,  viz.,  two  of  1,500  horse-power  and  two  of  700  horse- 
power. Our  illustration  (Fig.  14G)  shows  a  view  of  one  of 
the  1,500  horae-power  engines  and  dynamos.  These  engines 
are  alt  compound  CorlisH  engines,  built  by  Hicks,  UargreaveH, 
and  Co.,  of  Bolton.  The  two  smaller  engines  are  horizontal 
engines  with  tandem  cylinders.  The  flywheel,  weighing  35 
tons,  is  24  foot  in  diameter,  and  drives  its  associated  dynamo 
by  17  ropes  running  in  grooves  in  the  flywheel  edge.  The 
larger  engines  (1,500  hoi-se-power)  are  vertical  engines,  having 
a  flywheel  22  feet  in  diameter,  and  weighing  60  tons,  slung 
on  swivel  bearings  between  the  liigh-prossure  and  low-pres- 
sure cylinders.  The  stroke  of  these  engines  is  four  feet 
The  low-pressure  cylinder  is  56  inches  in  diameter,  and  the 
high-pressure  28  iucUea.  The  driving  power  is  transmitted 
to  the  dynamo  by  40  five-inch  ropes,  running  in  grooves 
in  the  periphery  of  the  flywheel.  The  dynamos  driven  by 
these  engines  are  of  the  form  described  in  a  previous  section. 
The  two  700  horsepower  engines  drive  each  a  625  horse-power 
altcmating-ourrent  dynamo,  which  generates  current  at  2,400 
Tolts,  and  this  pressure  is  raised  to  10,000  volts  by  means  of 
step-up  transformers.  The  fields  are  excited  by  means  of  a 
Siemens  direct-current  dynamo,  driven  by  rope  gearing  from 
the  djrnamo  shaft.  These  exciters  funiish  current  at  100  volta 
up  to  98  or  100  amperes,  which  is  the  maximum  exciting 
current  required.  The  exciting  current  required  is  varied 
by  a  rheostat  which  throws  in  resistance  into  the  exciter 
circuit  This  rheostat  is  manipulated  from  the  main  switoh- 
board. 

The  alternators  have  forty  field  poles  on  each  side,  and  the 
field  coils  are  connected  in  eight  sets  of  ten  each,  the  eight  sets 
being  joined  in  puiniUel.  The  speed  of  the  armature  is  250 
revolutions  per  minute,  and  it  consists  of  forty  bobbins.  The 
width  of  the  armature  strip  is  five-eighths  of  an  inch.     Each  of 
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the  bobbins,  therefore,  generates  120  yoltfi,  since  the  bobbins  are 
joined  in  two  equal  Bcrics  in  parallel.  The  current  coraes  out 
at  two  collector  rings  fixed  on  the  shaft.  The  grooved  dynamo 
pulley  is  alung  between  two  massive  bearings,  which  are  self- 
oiling.  The  part  of  the  shaft  which  overhanga  the  inside 
bearing  carries  the  gun-metal  hub,  which  forms  the  basis  of  the 
armature.  The  bobbins  are  carried  on  bobbin-holders  iusulated 
with  porcelain  shauk  insulators,  and  the  bolts  of  the  bobbin- 
holders  are  cemented  with  sulphur  cement  into  the  hub  as 
before  described.  These  machines  can  furnish  a  maximum 
current  each  of  200  amperes  at  2,400  volts.  The  current  at 
this  pressure  is  passed  through  four  to  one  step-up  trans- 
formers, and  raised  to  10,000  volts.  These  machines  ara 
used  at  present  (1891)  for  the  daylight  load,  and  for  light 
loads  during  the  night. 

The  two  larger  dynamos  are  each  of  1,250  horse  power,  and 
generate  current  directly  at  10,000  volta.  In  these  machines, 
of  which  an  enormous  grooved  pulley  («e  Fig.  12  7)  is  the  most 
strikiniT  feature,  the  armature  consists  of  48  bobbins,  and  is 
about  13  ft'Ct  iti  diairtoter  over  all,  and  the  bobbins  are  one 
inch  in  width.  The  field  magnets  have  48  field  poles  on  each 
side,  and  the  two  halves  of  the  6eM  magnets  can  be  slid  on  the 
bed  plate,  so  as  to  separate  the  parts  and  expose  the  armature. 
Ttiis  movement  is  ejected  by  a  stuall  auxiliary  engine.  The 
fitjld-pole  coils  consist  of  copper  strip  imulated  with  vulcanized 
fibre  put  between  the  layers.  The  eiuiting  current  is  about 
400  amperes  at  50  volts.  These  armatures  are  driven  at  208 
revolutions  a  miniite,  and  can  furnish  a  maximum  current  of 
100  amperes  at  10,000  volts,  or  sutHcient  to  maintain  30,000 
30  watt  lamps.  The  height  over  all  of  each  of  these  machines 
is  14  feet  6  inches.  In  order  to  prevent  lateral  discharge  of 
the  armature,  the  faces  of  the  field  poles  are  covered  with  a 
pair  caps  of  ebonite  or  woodite.  These  caps  are  each  tested  to 
15,000  or  20,000  volts,  and  then  held  firmly  on  the  faces  of 
the  Held  poles.  But  for  this  arrangement,  the  high  tension 
would  cause  the  armature  to  discharge  against  the  fields.  The 
current  is  led  out  of  one  side  of  the  armature  by  a  copper  rod 
insulated  in  the  interior  of  the  armature  shaft  by  an  ebonite 
tube.  The  other  end  of  the  armature  is  in  conducting  coo- 
ncotion  with  the  frame  of  the   machine-     One  pole   of  the 
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machine  b  thus  always  "  to  earth  "  and  the  other  pole  or 
"  live  pole  *'  is  inaulated  and  sends  current  through  the 
collector  rings  to  the  raaios.  The  collector  rings  ore  on  the 
end  of  the  shaft  opposite  to  the  pulley,  and  are  enclosed  in  a 
glass  panelled  box  for  safety. 

Special  attention  has  been  paid  to  the  lubrication  of  the 
machines.  At  one  end  of  the  shaft  is  a  double  set  of  oil- 
pumping  gear,  which  forces  oil  through  the  bearings  and 
circulates  it  round  through  a  filter  bock  into  the  tank. 
The  main  bearings  are  cast  hollow  and  can  have  water 
forced  through  them  if  required.  The  exciting  current 
for  these  two  1,250  horse-power  dynamos  is  furnished  from 
three  slow-speed  Kupp  dynamos,  direct  driven  by  compound 
Allen  engines  at  200  revolutions  per  minute.  These  exciters 
are  placed  along  the  wall  in  the  immediate  neighbourhood 
of  the  large  dynamos.  The  switchboard  arrangements  are 
A8  follows : — Tlio  main  current  from  the  two  large  dynamos 
and  the  main  current  from  the  two  smaller  ones,  after  being 
raised  to  10,000  volts  by  the  step-up  converters,  is  brought 
to  a  switchboard,  placed  between  the  two  large  dynamos. 
Underneath  this  switchboard  are  the  resistances  fur  regulating 
the  exciting  current  for  all  four  dynamos.  These  resistances 
are  worked  by  long  ebonite  rods  and  shifting  contacts,  from  the 
insulated  platform  of  the  switch.  There  are  four  main  long- 
break  switches  which  close  the  circuit  of  tbeso  dynamos  on  to 
an  omnibus  bar.  The  pressure  on  this  omnibus  bar  i&  measured 
by  100  to  1  step-down  transformer,  called  pilot  transformers, 
attached  on  the  low-pressure  side  to  Cardew  voltmeters. 
Each  machine  can  be  synchronised  with  respect  to  the  omnibus 
bar  by  its  own  separate  synchronising  transformer.  From 
the  omnibus  bar  proceed  four  trunk  mains  of  the  Ferranti 
tubular  form.  These  mains  run  to  the  four  distributing 
■tationa  in  London,  viz.,  Grosvenor,  Trafalgar,  Blackfriars, 
and  Pimlico  stations.  The  approximate  length  of  each  main 
ia  six  miles. 

The  dynamos  contribute  their  current  in  parallel  on  to  the 
omuibus  main,  mid  the  current  is  then  transmitted  at  10,000 
volts  to  the  sub-statious.  At  these  localities  it  is  roLluced 
to  2,400  volts  in  pressure  by  means  of  sets  of  150  horsepower 
reducing   transformers,  and  the  reduced  current  is  supplied 


DISmiBtmON  OP  BLBOTRICAL  SKBBOT  BT  TBAJTSPOBlfSBS. 


to  transformen  placed  in  the  customers'  premiaes,  which  still 
farther  reduce  the  pressure  to  100  volte. 

The  system  of  distribution  adopted  is  one  in  which  the  outer 
conductors  of  the  concentric  Ferranti  trunk  mains  and  the 
outer  conductors  of  the  concentric  Siemens  or  Fowler-Waring 
intermediate  cables  are  kept  "  to  earth "  at  the  generating 
ends. 

Thus  at  Deptford  one  pole  of  the  omnibus  bar  is  "  to  earth  " 
and  the  outer  conductors  of  the  four  trunk  mains  are  therefore 
also  to  earth.  At  the  distributiag  stations  the  outer  surfaces 
of  the  intermediate  cables  which  carry  the  current  at  2,400 
Tolts  are  "  to  earth."  The  iron  cores  and  frames  of  sub-statioa 
transformers  are  also  "to  earth." 

The  object  of  this  "  earthing  system "  is  to  prevent  any 
sudden  alteration  of  pressure  on  the  inner  or  live  side  of  the 
main.  If  a  dynamo  has  both  poles  insulated,  then  assuming  it 
to  be  giving  a  mean  potential  diiTorence  of  10,000  volts,  each 
pole  is  alternately  6,000  volts  above  and  5,000  volts  below  the 
earth  fn  potential.  If,  by  any  means,  one  pole  of  the  dynamo 
ia  put  to  earth,  the  potential  change  of  the  other  pole  will  be 
altered,  and  will  change  from  10,000  volts  above  to  10,000 
volts  below  the  earth.  Sudden  variations  of  pressure  might 
thus  take  place  over  great  ranges  due  to  accidental  earthing  of 
one  side.  This  is  avoided  by  having  one  side  permanently 
earthed.  Further  reference  will  be  made  to  this  matter  in  the 
next  chapter. 

Both  on  the  switchboard  at  Doptford  and  at  the  distributing 
station  there  is  a  complete  system  of  high-tension  fuses.  Fine 
tinned  copper  wire,  about  No.  40  gauge,  is  out  into  three-foot 
lengths,  and  bunches  of  this  wire,  according  to  the  current 
to  be  carried,  is  fixed  centrally  in  toughened  glass  or  stone- 
ware tabes  by  metal  stoppers  at  the  end  of  the  tube.  These 
stranded  fuse  wires  are  then  inserted  in  the  circuit  by  pushing 
the  tube  into  a  position  when  it  is  held  at  top  and  bottom  by 
spring-pressure  pieces.  In  inaerting  or  removing  a  high-ten- 
sion fuse  in  a  10,000  volt  circuit  a  sort  of  ebonite  sugar  tongs 
are  used  to  hold  the  tube.  The  sub-station  transformers  are 
protected  both  on  the  10,000  volt  and  on  the  2,400  volt  sides 
by  similar  appropriate  fuses,  and  the  circuits  opened  by  long 
break  switches  placed  iu  series  with  the  fuses. 
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In  the  sub-fit&tions  are  placed  sets  of  the  150  horse-power 
transformers,  which  can  be  connected  as  desired  on  the  high- 
tenaion  aide  to  one  or  other  of  the  trunk  mains  which  enter 
the  station.  On  the  other  aide  they  can  be  connected  as 
necessary  to  the  intermediate  mains.  Furthermore,  the  four 
transformer  stations  are  inter-connected,  so  that  one  can  help 
the  other.  In  these  transformer  stations  measuring  instru- 
ments show  the  current  and  pressure  on  each  side  of  the  traus- 
formers.  The  substations  themselves  are  6re-proof  chambers, 
having  channels  in  the  floor  to  receive  the  incoming  and  out- 
going cables.  The  necessary  switch  gear  is  erected  against  the 
walls  and  in  the  centre  of  the  room. 

This  switch  gear  may  be  more  generally  described  as  con- 
sisting of  a  series  of  slate  slabe  plaoed  vertically,  which  form  a 
set  of  spaces,  in  each  of  which  is  plaoed  one  long  break  switch 
and  the  corresponding  high-tension  fuse.  The  switches  are 
worked  by  long  handles,  and  make  two  sharp  breaks  of  about 
12  inches  each  in  the  circuit.  The  transformers  are  installed 
along  the  sides  of  the  room,  and  the  act  of  pushing  the  trans- 
former into  its  place  makes  the  necessary  contacts  on  the  earth 
side  of  the  outgoing  or  low  pressure  (2,400  volts)  cable.  The 
circuit  is  then  completed  by  inserting  the  fuse  tube  and  closing 
the  switch.  The  high  pressure  connections  to  the  10,000 
Tolt  cables  are  made  also  through  fuse  tubes  and  special  long 
break  switches,  which  break  the  circuit  in  four  places  at  a 
high  speed. 


§  39.  Havre  Central  Station. — Mr.  Ferranti  has  also  supplied 
the  machinury  fur  Havre  electric  lighting,  as  carried  out  by  the 
Sooiet<^  de  TEnergie  Klectrique,  which  has  obtained  a  forty 
years' concession,  during  the  first  fourteen  of  which  they  were 
given  exclusive  rights.  The  central  station  is  near  the  railway 
station,  and  in  close  proximity  to  coal  yards  and  to  the  sea, 
whence  it  is  propoeed  to  draw  the  water  necessary  for  con- 
densing purposes.  The  plant  at  present  comprises  four 
BerendorfF  boilers,  working  at  IHlbs.  pressure;  two  single- 
cylinder  Corliss  engines,  taking  steam  at  861bs.  pressure,  and 
capable  of  developing  350  horse-power  or  450  horse-power  at 
one-ninth  and  four-tenths  cut-off  respectively  ;  two  224  kilowatt 
(2,400  volts)  Ferranti   alternators,   excited  by  bmall   six-pole 
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Sautt«r-Lemonnier  machines  mounted  on  the  same  bed-plate. 
The  dynamos  are  driven  direct  through  rope  gearing  (10  ropea 
l*4in.  diameter).  Each  engine  is  fitted  with  a  fly-wheel  22ft. 
in  diameter,  and  weighing  15  tons.  Special  arrangements  are 
made  for  running  non-condeneing  in  times  of  neap  tidee,  and 
when  otherwise  necessary.  Great  attention  has  been  paid  to 
securing  efHoieut  lubrication.  A  small  jiump  fitted  to  each 
dynamo  takes  the  lubricant  from  the  lar>;e  reservoir  in  the 
pedestal,  which  holds  some  l,8001b3.  of  oil  and  forces  it  into 
the  bearings  at  a  considerable  pressure. 

§  40.  Ferranti  Stations  in  France  and  elsewhere. — Many 
electric  stations  in  France  are  employing  Ferranti  dynamos 
and  distributing  alternating  currents.  In  Paris,  in  the  HalU% 
Cfnfrah$,  there  are  three  Ferranti  ir)0  horae  power  altematorsi, 
driven  by  Lecoutreux  and  Gamier  horizontal  Corliss  conden«ing 
engines  by  cotton-rope  gear.  The  lighting  comprises  120  arcs 
and  3,000  incandesccnts.  At  Nancy  there  is  a  similar  plant 
of  alternators,  driven  by  two  Armingbon  and  Sims  non-conden- 
sing engines  and  one  Corliss  engine,  and  the  lightinj^  under* 
taken  is  4,600  16  candle-power  incandescents.  At  Melon  also 
three  150  horse-power  Ferranti  machines  give  current  for  4,500 
incandescent  lamps,  the  dynamos  being  driven  by  compound 
condensing  Corliss  engines.  At  Troyea,  Sens,  Retlicl,  Nimes, 
Dijon,  St.  Cere,  Cannes,  and  Auxerre  there  are  Ferranti  plants 
at  work  doing  incandescent  lighting. 

In  South  America,  at  La  Plata,  Rosario,  and  Buenos  Ayres, 
also  Ferranti  alternators  are  employed  for  public  and  private 
lighting. 

Mr.  Ferranti  prefers  generally  to  adopt  a  Corliss  engine  and 
to  drive  by  ootton  ropes,  but  where  engine-room  space  ia 
valuable  direct  driving  by  WiUans  or  other  high-speed  engines 
can  be  uudertaken. 


§  41.  Other  Transformer  Systems. — The  descriptions  given 
in  the  above  acetions  of  this  chapter  by  no  means  exhaust  all 
the  forms  of  alternators  and  transformers  in  actual  use.  The 
great  firms  of  Sohuckort  of  Nuremberg,  and  Siemens  of  London 
and  Berlin,  for  example,  Imve  complete  systems  of  alternate- 
current  machinery.      The  appropriate  limits  of  the  pieaent 
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chapter  would  be  exceeded  if  detailed  descriptions  of  all  these 
were  given,  but  reference  will  be  made  further  on  to  special 
forms  of  transformers  designed  by  them.  The  descriptions 
above  given  provide  the  reader  with  information  as  to  a 
number  of  typical  systems,  but  the  progress  of  inventioQ  is 
80  rapid  as  almost  to  defy  any  attempt  to  place  a  complete  and 
final  account  of  all  transformer  systems-on  record* 


CHAPTER  IIL 


ALTERNATE  CURRENT  ELECTRIC  STATIONS. 


§  1.  The  General  Design  of  Alternating  Onrrent  Stations. 
Motive  Power.  Selection  of  Unit — In  the  general  deaign  of 
a  Bystom  of  electric  supply  by  altcrnatiug  currents,  as  at  present 
carried  out,  many  considerations  have  to  guide  the  engineer  in 
the  selection  of  a  suitable  site,  and  in  the  choice  of  the  motiTe 
power  and  the  arraugeoacnt  of  tbe  generating  plant.  At  the 
present  time  (1891)  the  selection  of  a  system  of  electric  supply 
to  be  adopted  for  electric  lighting  of  towns  is  practically  limited 
to  one  of  two  systems.  First,  the  system  of  direct  supply,  with 
or  without  secondary  batteries,  on  the  two,  three,  or  6ve  wire 
systems ;  and,  secondly,  the  system  of  alternating  current 
supply,  including  tbe  so-called  rotary  field  (Drehstom)  systems, 
on  the  general  lines  of  one  or  other  of  the  plans  described  in 
the  previous  chapter. 

Tbe  system  of  two-wire  direct  onrrent  low-pressure  supply 
is  one  that  is  suitable  for  small  districts  in  which  the  light- 
ing is  dense,  and  in  which  the  supply  station  can  be  placed 
approximately  in  the  centre  of  the  district  to  be  lit.  Elxperienoe 
shows,  however,  that  the  econonalcal  limits  of  such  a  system 
are  reached  when  the  mean  length  of  the  feeders  is  some  300  or 
400  yards.  By  the  three-wire  system,  as  developed  by  Mr. 
Edison  and  Dr.  Uopkinson,  the  system  of  low-pressure  supply 
oan  be  economically  conducted  when  the  mean  length  of  the 
feeders  is  from  half  to  three-quarters  of  a  mile.  The  five-wire 
system  is  applicable  up  to  a  mean  distance  of  one  mile.  Beyond 
this  distance,  wo  are  practically  limited  to  a  system  of  supply 
based  upon  alternating  currents  and  transformers.  Assuming, 
then,  that  the  case  to  be  dealt  with  is  one  in  which  the  above 
fiiota  point  to  the  employment  of  the  alternating  current  system. 
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the  first  consideration  to  which  the  engineer  has  to  address 
himself  is  the  selection  of  a  suitable  site  for  the  station.  It 
will  generally  be  found  that  the  choice  is  limited  to  two  or 
three  positions,  and  that  questions  of  convenience,  price  of 
land,  aocess,  nuisance,  and  other  circumstances  bind  down  the 
engineer  to  the  selection  of  one  out  of  a  small  choice  of  pos- 
sible sites.  Assuming,  howeverj  that  an  option  exists  between 
one  or  more  positions  for  such  an  "eccentric  station,"  then  the 
following  considerations  should  have  due  weight  in  determining 
the  exact  choice  to  be  made. 

In  the  first  place,  the  selection  ought  to  be  govemed  by  tho 
consideration  of  convenience  of  aocess  for  coal  and  of  freedom 
from  creating  nuisance  by  smoke,  steam,  or  vibration.  At  the 
outset,  when  the  supply  from  such  station  is  small,  the  amount 
of  coal  and  other  stores  to  be  brought  into  it,  and  of  ashes,  «feo., 
to  be  removed,  will  not  present  formidable  difficulties,  but  as  the 
station  grows  in  magnitude  this  will  prove  to  be  one  of  the  most 
serious  items  in  the  economical  management  of  such  a  station; 
hence,  wherever  a  river-side  or  water-side  site  can  be  procured,  by 
which  coal  can  be  received  and  ashes  removed  by  water,  a  great 
advantage  is  secured,  even  omitting,  for  the  moment,  the  advan- 
tages uf  condensation  of  exhaust  steam. 

As  every  thousand  units  of  electric  energy  sold  involves  a 
combustion  of  from  4  to  10  tons  of  coal  according  to  the  system 
of  alternating  current  supply  adopted,  it  is  obvious  that  con- 
venience for  handling  coal  and  discharging  ashes  is  of  para- 
mount importance,  and  that  interruptions  of  this  work  by  any 
conditions  of  weather  ought  to  be  practically  irajjosaible.  With 
this  object  the  engineer  will  naturally  provide,  under  these 
circumstances,  for  convenient  access  by  road ;  also,  if  possible^ 
a  connection  with  a  railway  siding,  and  will  see  that,  in  addi- 
tion, a  storage  for  coal  is  provided,  to  render  it  feasible 
to  purchase  and  store  two  or  three  months'  supply  of  ooal, 
thus  rendering  the  station  independent  of  strikes  or  trade 
complications.  Assuming  that  such  water-side  site  is  pro- 
ciurablo,  the  next  question  is  the  general  design  of  a  station. 
In  this  matter  the  greatest  possible  mistakes  have  been 
made  in  many  existing  stations,  either  in  designing  them  on 
too  small  a  scale  at  tho  beginning,  without  sufficient  provision 
and  arrangements  for  extension,  or  else  in  designing  them  at 
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first  on  too  large  a  scale.     The  object  to  be  aimed  at  should 
be  to  lay  down  the  station  on  such  general  lines  that  it  is 
capable  of  considerable  extension,  as  required,  without  in  any 
way  interfering  with  the  existing  plant  or  interrupting  the 
current  supply,  but  at  the  same  time  not  to  involve  the  enter- 
prise in  its  initial  stage  in  too  large  a  capital  outlay  in  buildings, 
on  which  at  first  no  adequate  return  can  be  made.     In  many 
cases  eloctric  lighting  stations  have  been  put  up  in  a  small  and 
temporary  manner,  resulting  in  the  necessity  for  entire  rebuild- 
ing at  great  cost  and  inconvenience  when  the  demand  for  current 
paases  a  certain  limit.     Accordingly,  the  best  general  design, 
wherever  it  is  possible  for  such  stMions,  is  an  arrangement  in 
which  the  building   is   gradually  extended  from  one  end   as 
required.     If  space  is  limited,  this  building  may  take  the  form 
of  a  single  building  of  several  stories,  engines  being  placed  on 
the  ground  floor,  dynamos  on  the  floor  above,  and  boilers  on 
the  second  Hoor,  stores  and  offices  on  the  third  floor.     If  ground 
apace  permits,  a  cheLiper  building  can  bo  constructed,  taking 
the  form  of  two  sheds,  lying   alongside  or  in  line  with  one 
another,  one  forming  the  boiler  house  and  the  other  the  engine 
and  dynamo  room,  arrangements  being  made  at  one  end  for 
stores,  offices,  fitting-shop,  ^c.     The  general  design  of  such  a 
station  calls  for  great  forethought  in  all  the  arrtingoments,  in 
order  to  reduce  in  every  way  the  amount  of  labour  required. 
Want  of    prevision  in  this  matter  results  very  often  in  the 
erection  of  a  station  in  which  there  is  a  considerable  waste  of 
labour,  and  this  is  an  important  item  in  proportion  as  the 
station  grows  in  magnitude.     Assuming  that  a  careful  choice 
has  been  made  as  to  site,  having  regard  to  the  considerations 
above  mentioned,  the  next  matter  which  demands  careful  fore- 
thought is  the  choice  of  the  size  of  the  unit  of  power  and  of  the 
unit  of  steam  generating  plant,  in  other  words,  the  sizes  of 
boilers  and  the  engines.     On  this  question,  there  is  at  present 
considerable   diversity  of  opinion.     Some  engineers  prefer  to 
select  a  large  engine  unit,  guided  apparently   by  the  notion 
that  such  a  large  engine  unit  is  more  economical  than  a  number 
of  smaller  ones  of  equal  total  power.     This,  however,  has  by 
no  means  been  demonstrated  to  be  the  case.     Apart  from  any 
other  reasons  it  is  clear  that  if  the  current  supply  to  any  one 
aeotion  of   a  district  is   wholly   dependent   upon  one   krge 

22 


8i0 


ALTEHKATE  CUBBUKT  ELECTRIO  8TATI0N8. 


engine,  it  is  obTious  that  another  of  equal  sizo,  or  equivc^ 
lent,  must  be  provided  as  a  reserve,  and  hence  50  per  cent, 
of  the  plant  is  always  idle.  If  the  unit  selected  is  a  smaller 
one,  then,  provided  that  the  alternators  can  be  worked  in 
parallel,  it  is  possible  to  have  a  much  smaller  fraction  of  the 
engine  and  dynamo  plant  kept  idle  as  a  reserve.  Moreover,  a 
break-doMTU  throws  out  of  use  a  much  smaller  proportion  of 
the  total  power.  The  same,  of  course,  applies  to  the  boilers. 
Owing  to  the  gener  il  nature  of  the  load  diagram  of  the  ordinary 
electric  lighting  supply  station,  the  maximum  demand  for 
current  is  very  many  times  greater  than  the  mean  demand,  and 
moreover  the  maximum  demand  from  most  supply  stations 
exists  only  for  a  very  small  fraction  of  the  whole  24  hours. 
The  ratio  between  tlie  total  number  of  units  sent  out  from  the 
station  in  the  24  hours  to  the  amount  which  would  be  sent  out 
if  the  plant  were  working  at  its  full  capacity  for  the  whole  24: 
hours  is  conveniently  called  the  diurnal  load  factor  of  the 
station;  and  the  ratio  between  the  units  sent  out  from  the 
station  in  one  year,  and  the  total  amount  which  would  be  sent 
out  if  the  machinery  worked  always  at  its  full  power,  is  called 
the  annwtl  loa^i  farUrr.  Experience  shows  that  the  annual  load 
factor  for  an  electric  supply  station,  sending  out  currents  for 
lighting  purposes  alone,  is  not  more,  in  general,  than  eight  or 
ten  per  cent.  Accordingly,  as  is  now  well  known,  the  great  diffi- 
culty that  the  electric  engineer  has  to  contend  with  is  the  fact 
that  for  large  periods  of  the  24  hours  the  generating  plant  is  very 
lightly  taxed,  and  under  these  circumstances,  unless  it  is  properly 
subdivided,  the  efficiency  of  generation  will  be  very  small. 

In  the  selection  of  boilers  the  choice  lies  either  between  the 
boilers  of  the  water-tube  type,  one  of  the  locomotive  forms,  a 
modified  marine  boiler,  or  the  well-known  Lancashire  boiler. 
The  general  cause  of  the  small  average  net  evaporative  duty 
of  boilers  in  stations  having  a  small  load  factor  is  the  necessity 
for  lighting  and  firing  up  the  several  bollere  for  only  short 
periods  during  the  evening,  bo  that  there  is  an  immense  waste 
of  heat  from  radiation  and  conduction  as  the  boilers  cool  down 
after  having  been  thrown  out  of  use  ;  such  losses  are  of  course 
increased  when  there  are  large  masses  of  brickwork  in  direct 
contact  with  the  fuel  which  have  to  be  heated  up.  For  this 
reason  many  engineers  give  the  preference  to  forms  of  internal 
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firing  boilers,  Buch  aa  tho  locomotivo  marine  boilers  or  the 
lAncaahire.  The  use  of  the  ordinary  rotum-bubo  marine 
boilers  boa  been  limited,  owing  to  the  difficulty  experienced 


In  transporting  them  by  rail  when  of  large  size.  A  modified 
form  of  marine  boiler  has  been  constructed  by  Dtivoy-Paxman 
{iee  Fig.  1)  for  use  in  electric  lighting  stations.     This  boiler 
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is  known  as  the  dry-back  boiler ;  it  is  uot  more  than  9  feet  in 
diameter,  and  the  furnaces  are  contained  in  two  cylindrical 
flues  crossed  in  advance  of  the  firing  bridge  by  a  Galloway 
tube.  The  products  of  the  combustion  paas  right  through  tha 
back,  are  thrown  upwards,  and  made  to  return  to  the  front 
through  the  tubes  by  means  of  the  refracted  fire-brick  dry- 
back.  Mr.  Crompton  and  Mr.  Longridgo  have  modified  thia 
form  of  boiler  by  placing  the  tubes  below  the  fumacea.  Tha 
products  of  the  combustion,  after  passing  to  the  end,  ara 
thrown  downwards  by  the  fire-brick  dry-back,  and  then  passed 
back  to  the  front  of  the  boiler  through  tubes  placed  below  the 
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furnaces  to  the  smoke-box  or  chamber  formed  beneath  the  fire- 
man's feet,  from  whence  they  pass  under  the  bottom  of  tho 
boiler  on  their  way  to  the  chimney  stack. 

Other  engineers  prefer,  whore  Hpace  permits,  the  employment 
nf  the  ordinary  Laucasliire  boiler.  Formerly  difliculty  was  ex- 
perienced in  making  flues  of  sufficient  strength  to  withstand 
the  high  pressure  now  required  ;  but  as  this  difficulty  can,  and 
has  >H;en,  overcome,  this  objection  is  not  now  valid.  On  the 
other  hand,  the  length  of  this  boiler  is  an  insuperable  objeotioa 
to  its  use  in  many  cases.  Amongst  well  known  water-tube 
boilers  used  in  electrio  lighting   stations,  the   Babcock 
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Wilcox  water-tube  boiler,  a  section  of  which  is  shown  in  Fig.  2, 
is  extensively  employed.  The  great  recommendations  of  this 
boiler  are  the  rapidity  with  which  it  can  make  steam,  and 
the  fact  that  the  limit  of  its  evaporative  power  is  only  found 
in  the  ability  of  the  grate  to  burn  fuel.  Prom  ita  tubular 
oonatruction  it  is  very  free  from  risk  of  dangerous  explosion, 
and  can  easily  be  transported  in  sections  and  erected  m  $itu  ; 
moreover,  it  is  exceedingly  economical  as  regards  space,  and 
from  its  rectangular  form  and  great  vertical  height  is  specially 
adapted  for  batches  of  boilei*s  in  central  station  work  where 
floor  space  is  limited  and  costly.  An  objection  which  has  been 
urged  against  it  is  the  fact  that  there  are  considerable  masses 
of  brick-work  to  be  heated  up,  and  which,  therefore,  absorb  and 
dissipate  a  sensible  amount  of  heat.  On  the  other  hand,  for 
central  station  purposes,  where  the  demand  for  steam  may, 
owing  to  fogs,  suddeuly  become  very  considerable,  it  is  of 
the  greatest  possible  advantage  to  have  a  boiler  which  can 
bo  suddenly  called  upon  for  a  considerable  delivery  of  steam, 
and  la  which  there  is  great  safety  and  freedom  from  risk  by 
explosion.  Both  these  qualities  are  possessed  by  the  Babcock 
boiler. 

Mr.  Ru  worth  has  suggested  an  arrangement  intended  to  reduce 
the  enormous  waste  of  fuel  in  getting  up  steam  in  boilers  which 
are  used  only  during  the  maximum  hours  of  demand.  The 
boilers  are  erected  in  groups  of  three,  with  flues  and  condensers 
■0  arranged  that  when  the  central  boiler  b  being  used  the  pro- 
ducts of  combustion  may  be  diverted  through  the  furnaces  and 
flues  of  one  or  both  the  other  boilers.  During  the  hours  of 
light  demand  when  the  middle  boiler  alone  is  being  used, 
the  exhaust  steam  from  the  pumps  and  supplementary  engine 
is  turned  into  the  idle  boilers,  until  the  water  in  them  attains  a 
temperature  of  212''F.,  the  additional  heat  required  to  raise 
steam  being  supplied  by  the  products  of  combustion  taken 
from  the  oeutral  boiler.  When  the  steam  in  the  idle  boilers 
has  risen  to  working  pressure,  they  may,  when  required,  be  put 
into  use  and  flres  lighted ;  the  gases  from  the  central  boiler 
being  taken  direct  into  the  chimney.  The  method  of  applying 
the  exhaust  steam  from  the  supplementary  engines  is  as 
follows : — The  supplementary  exhaust  pipe  is  carried  across  the 
whole  range  of  boilers  and  a  branch  provided  to  eaoh  boiler. 
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governed  by  a  cock  or  screw  valve.  An  outlet  from  the  supplo- 
mentaiy  exhaust  pipo  is  provided  into  the  atmosphere  covered 
by  a  muahroom  valve  of  considerable  size,  weighted  to  lib.  to 
the  square  inch,  and  provided  with  an  arm  by  vrhich  it  can  be 
raised  to  give  free  exit.  The  branch  pipe  to  each  boiler  is 
attached  to  a  block  on  the  cover  of  the  shell,  and  an  internal 
pipe  is  carried  down  in  continuation  of  the  external  pipe  to 
about  one  foot  below  the  working  water  level,  where  it  turns  at 
light  angles  to  the  vertical  pipe,  and  is  furnished  with  a  cirou- 
lating  nozzle.  When  it  is  desired  to  heat  up  any  boilers,  the 
valve  between  the  supplementary  exhaust  pipe  and  the  boiler  is 
opened,  the  exhau&t  valve  to  the  atmosphere  is  closed,  and  the 
exhaust  steam  from  the  supplementar}'  engines  will  be  condensed 
in  the  boiler.  As  the  water  in  the  boiler  increases  in  tempera- 
ture the  back  pressure  will  iocrease,  but  will  never  exceed  the 
lib.  to  the  square  inch.  In  the  case  of  water-tube  boilers, 
it  is  necessary  to  attach  a  distributing  box  to  the  discharge 
oriBce  of  the  nozzle,  and  to  take  from  it  pipes  leading  to 
each  of  the  tubes  in  which  the  uatuml  circulation  is  downwards. 
This  is  necessary  to  set  up  the  circulation  of  the  whole  of  the 
water  tubes  iu  the  boiler  We  are  not  awure  that  this  plan  has 
been  put  iu  practice  anywhere,  but  it  is  an  indication  amongst 
others  that  the  economy  of  fuel  in  steam  generating  is  begin- 
ning to  receive  more  serious  attention  than  it  has  done  at  the 
hands  of  electrical  engineers. 

In  the  seleotiou  of  engines  the  choice  of  the  engineer  lies 
between  dynamos  driven  direct  coupled  to  the  engines,  and 
those  in  which  the  dynamos  are  driven  by  belts  or  by  rope 
gear,  the  latter  being  either  the  single  endless  rope-gearing 
with  jockey  pulley,  or  the  multiplex  rope  gearing  with  the 
usual  groove  pulleys  and  grooved  fly  wheel.  The  direct  driving 
has  been  considerably  assisted  of  late  years  by  the  improve- 
ments which  Mr.  Willans  has  eflfected  in  the  high-speed  com- 
pound engine.  Wherever  space  is  of  importance,  direct  driving 
by  high-speed  engines  is  almost  a  necessity.  Where  space  is 
available  many  engineers  still  prefer  to  drive  the  dynamos  in 
groups  either  from  the  fly-wheel  of  tho  engine  or  from  a 
counter-shaft,  owing  to  the  lower  engine  speeda  which  are  then 
possible.  Whichever  method  be  chosen,  the  tirat  question  to 
be  settled  is  the  selection  of  the  dynamo  unit.    It  is  not  necea- 
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sarily  an  advantage  to  have  theBe  units  of  the  same  mro. 
Owing  to  the  small  demand  for  lighting  current  during  the 
greater  portion  of  the  day  and  night,  it  is  generally  beat  to 
•elect  one  pair  of  unite  (one  being  a  reserve  on  the  other), 
of  such  a  size  that  one  of  them  will  be  fairly  well  loaded 
during  the  greater  portion  of  the  day,  and  to  seleot  the 
other  dynamo  units  of  such  larger  size  that  the  output  of 
each  machine  is  from  ono-sixth  to  one-tenth  part  of  the  full 
•output  of  the  station  at  its  hour  of  maximum  load  during  the 
winter. 

The  very  poor  economy  which  some  stations  exhibit  in  the 
matter  of  coal  consumption  may  be  also  often  attributed  to  the 
selection  of  too  large  an  engine  or  dynamo  unit.  It  must  bo 
borne  in  mind  that  oompoand  non-ooiulensing  engines  are  not 
onomical  in  st^jam  consumption  at  low  loads.  It  is  found 
that  at  low  loads  indicator  ditigrams  taken  from  high  and  low 
pressure  cylinder  show  that  the  low-pressure  cylinder  is  con- 
tributing very  little  to  the  total  work  of  the  engine,  and 
under  some  circumstances  the  diagram  of  the  low-pressure 
cylinder  may  even  be  a  negative  area,  indicating  that  part 
of  the  power  of  the  engine  is  being  used  to  drive  the 
low-pressure  cylinder  as  a  pump.  It  is,  therefore,  of  great 
importance  to  select  the  engine  and  dynamo  unit  of  such  size 
that,  under  any  circumstance,  the  generating  plant  in  actual 
use  is  fairly  well  loaded.  The  theory  that  large  engines  essen- 
tially have  a  greater  economy  than  small  ones  is  not  by  any 
means  generally  true  ;  and  on  the  other  hand,  owing  to  the 
variation  in  the  load,  large  non-condensing  compound  enginea 
•  will  often  exhibit  a  relatively  very  much  lower  economy  at  the 

low  loads  in  weight  of  steam  used  per  indicated  horse-power 
than    smaller    and    well-designed    high-speed    high- pressure 
engines.     Engines  used  for  electric  light  work  are  under  the 
D  great  disadvantage  that  they  must  run  at  the  same  speed 

^^-  whether  doing  much  work  or  little,  and  hence  the  only  way  iu 
^B  which  the  low  station  load  factor  cau  be  neutralised  is  to  give 
J^^         each  engine  individually  as  large  a  load  factor  as  possible. 

J 


§  2.  Condensation. — It  has  been  shown  that  the  application 
of  condensers  to  central-station  engines  enables  much  higher 
generating  efhciency  to  be  obtained  at  low  loads,  that  is  to  say^ 
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ihat  oondonBing  plant,  although  it  increases  the  economy  when 
the  Bttvim  dynamoa  aro  runuiug  fully  loaded,  has  greater  effect 
lu  reducing  tlie  loss  of  efficiency  when  they  are  only  partly 
loftdod.  Mr.  Crompton  found  this  to  be  very  noticeable  at  the 
Gothenburg  Central  Station,  where  there  are  dynamos  rope 
driven  by  200  H.P.  vertical  triple-expansion  condensing  engines. 
During  the  first  year  water  for  condonsing  purpoaea  was  not 
available,  and  the  engines  had  to  be  run  at  high  pressure, 
exhausting  into  the  atmosphere.  Although  the  conBumptiou  of 
ooal  was  not  found  to  bo  excessive  at  the  time  of  highest  load, 
yot  Buoh  a  saving  was  effected  at  the  time  of  low  loads,  when 
the  condensing  plant  was  put  into  action,  that  the  total  fuel 
oounumption  for  the  year  was  reduced  by  60  per  cent.  This 
tkct  haa  also  been  brought  out  by  some  important  experiments 


BUido  by  Mr.  Willaus,  in  which  he  illustrates  very  forcibly  the 
truth  of  the  above  statements. 

Mi*.  Willaus  has  made  special  experiments  with  one  of  his  own 
Migiuoe,  to  test  the  effect  of  condensation  on  the  steam  con- 
lumptiDU  of  the  engine  at  various  loads.  These  experiments 
are  charted  in  the  above  diagram,  being  reduced  for  simplicity 
lo  the  iKiui^TiIonts  for  a  100  H.P.  engine.  The  water  per  hour 
Utod  by  the  engine  ia  represented  by  the  vertical  ordinates  in 
Vlg*  3,  and  the  horieontal  distances  are  the  indicated  horse- 
pOirm  of  the  engine.  The  diagram  of  the  water  used  per  indicated 
Imit  pnwni  is  a  straight  line.  The  line  showing  the  water  used 
itbtn  the  engine  works  condensing  lies  below,  and  parallel  with 
IIm  Um  representing  the  same  when  the  engine  is  used  non- 
This  diagram  shows  that  the  total  water  used  by 
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the  engine  is  proportional  to  the  indicated  horse-power  piu$  a 
constant  quantity,  and  that  thia  constant  quantity,  which  is 
the  water  used  per  hour  when  the  engine  is  running  unloaded, 
is  greater  for  non-condensing  than  for  condensing  working. 
Hence  it  is  clear  that  condensing  increases  the  efficiency  of  the 
engine — that  is,  decreases  the  water  used  per  hour  relatively 
more  at  low  loads  than  at  full  load.  Broadly  speaking,  if  an 
economy  of  18  to  20  per  cent,  of  the  feed  water  could  he 
effected  at  full  load,  40  per  cent.,  or  more,  might  be  saved  at 
low  loads.  Those  experiments  indicate  the  great  value  of  con- 
densation at  low  loads,  as  well  as  the  immense  waste  incurred 
in  water,  and,  therefore,  in  coal  by  working  engines  only  partly 
loaded. 

In  the  design  of  large  stations  this  question  of  condensing 
ought,  therefore,  always  to  be  held  in  view  ;  and  for  thit  reason 
it  is  important  to  locate  the  station,  if  possible,  in  a  position  in 
which  water  for  condensation  can  be  procured  without  pumping 
the  water  a  considerable  distance.  For  surface  condensers  the 
circulating  water  required  will  be  about  twenty  times  the  weight 
of  steam  to  be  condensed,  or  about  at  the  rate  of  forty  to  fifty 
gallons  per  hour  per  indicated  horsepower,  and  hence,  for  large 
powers  the  amount  of  circulating  water  required  is  very  consider- 
able. In  laying  down  pipes  for  the  circulating  water,  or  better 
still,  in  excavating  conduits,  allowance  must  always  be  made  for 
the  full  extension  ultimately  required.  In  some  town  stations 
artesian  wells  have  with  advantage  beou  sunk  for  this  purpose; 
but  in  any  case  it  is  necessary  to  bear  in  mind  the  condensers 
must  be  placed  in  close  contiguity  to  the  engines  Irom  which 
they  take  steam,  or  else  a  considerable  reduction  in  the  vacuum 
in  the  cylinders  of  the  engines  will  be  found.  Even  if  water 
sufficient  for  surface  or  jet  condensation  cannot  be  obtained,  it 
is  yet  worth  while,  as  Mr.  Croiupton  has  pointed  out,  in  many 
cases,  to  put  down  air-condensing  plant,  even  if  such  plant  can 
only  be  put  in  of  sufficient  size  to  condense  the  steam  at  light 
loads,  allowing  the  exhaust  steam  at  the  heavy  loads  to  escape 
into  the  atmosphere.  Such  partial  condensation  would,  in  the 
opinion  of  many  engineers,  result  in  a  considerable  reduction 
of  the  whole  coal  bill  for  the  year.* 

*  S€4  Mr.  Crompton  on  the  Cuet  of  Gencratioo  tad  I>Utnbutioa  of 
Electric  Eoergy,  Proc  InU.  CivU  EnQiiucrt,  Vol,  CV.,  1891. 
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§  3.  TTtillsaHon  of  Water  Power. — In  many  oases  water 
power  is  <Lvai1abIe  for  the  purposes  of  electrical  generation,  and 
in  these  cases  the  alternating  current  system  presents  great 
advantages  in  permitting  the  transmission  of  considerable 
quantities  of  electric  energy  at  high  pressures  over  great 
distances  through  comparatively  small  conductors     Consider- 


FlQ.  5.— A,  Ordinary  Curved  Bucket. 
Pelton  WhooL 


B,  Section  of  Buck«t  of 


able  improvements  have  of  late  years  been  effected  in  the 
means  by  which  such  water  power  can  be  utilised.  Amongst 
these  may  be  mentioned  the  Pelton  water-wheel,  largely  used 
In  California  and  in  other  places  to  utilise  high  fuUs  of  water. 
In  this  water  motor  a  wheel  is  provided  on  its  periphery  with  a 
series  of  peculiarly  carved  backets  (see  Figs.  4  and  5),  and  jets 
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of  yr&ter  are  thrown  into  those  buckets,  setting  the  wheel  in 
motion.  The  form  of  bucket  is  designed  to  causo  the  im- 
pinging water  to  leave  the  wheel  with  as  little  velocity  as 
possible,  and  bonce  to  give  up  nearly  all  its  kinetic  energy  to 
the  wheel.  In  the  practical  use  of  these  wheels^  water  from 
some  Bouroe  is  led  to  the  wheel  by  hydraulic  piping,  often  from 
great  heights  and  distances.  The  best  useful  effect  is  found 
to  be  obtained  when  the  bucket  speed  is  half  the  velocity  of 
the  water  issuing  from  the  jet  Tests  have  shown  that  the 
Pelton  wheel  has  a  mechanical  efficiency  of  87  to  90  per  cent 
Henoe,  whenever  a  natural  fall  oan  be  obtained,  by  means  of 
which  water  can  be  delivered  from  one  level  to  a  much  lower 
one,  this  motor  enables  such  energy  to  be  rendered  available 
for  oonversion  into  elcctrio  energy.  A  large  number  of 
hydraulic  electric  stations  ore  at  work  in  California,  using  in 
some  oases  falls  of  water  of  upwards  of  l,6CX)ft.  in  height,  the 
energy  of  which  is  utilised  by  Pelton  wheels.  At  Aspen,  in 
Colorado,  a  largo  electric  light  and  power  station  is  at  work,  in 
which  some  1,400  H.P.  is  so  utilised  by  Pelton  wheels; 
amongst  the  other  plant,  Weetingliouse  alternators  being  cm- 
ployed  for  incandescent  lighting.  When  hydraulic  govomora 
are  added  to  control  the  wheel-speed,  the  greatest  possible 
uniformity  of  driving  can  be  attained,  and  the  Pelton  wheel 
shows  itself  to  be  a  motor  peculiarly  adapted  for  electric 
lighting  purposes. 

§4.  Water  Motor  Installation  at  TivoU,  near  Bom& — One 
of  the  finest  examples  in  Kurope  of  water-power  utilisation  in 
connection  with  alternating  currents  is  the  new  electric  station 
which  is  being  establiahod  at  TivoU,  near  Kome.  As  is  well 
known,  there  is  at  the  town  of  Tivoli  a  large  and  valuable  supply 
of  water  power,  and  recently  a  portion  of  this  has  been  utilised 
in  the  establishment  of  a  large  alternating  current  station  for 
2,000  H.P.,  intended  to  supply  a  jjortion  of  the  city  of  Kome 
with  electric  light.  A  part  of  the  Falls  of  Tivoli  is  conducted 
along  an  atjueduct,  at  the  extremity  of  which  the  water  falls 
into  a  large  iron  fall-tube,  1*6  of  a  metre  in  diameter.  This 
fall-tube  ia  48  metres  in  vertical  height,  and  has  a  capacity  for 
delivering  three  cubic  metres  of  water  per  second.  At  the 
lower  level  of  tlie  fall-tube  the  electric  station  has  been  erected 
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on  the  side  of  the  hill,  and  the  f&U-tube,  terminating  near  it^ 
branohes  into  three  secondary  supply  tubes,  which  convey  the 
water  into  the  building.  Each  of  these  branches  feeds  three 
Pelton  -water-wheels,  two  of  which  are  about  300  or  400  H.P. 
and  one  smaller.  The  six  larger  Pelton  wheels  are  coupled 
direct  to  350  H.P.  Ganz  alternators  of  the  form  desoribed  in 
Chapter  II.,  §1.  The  supply  of  water  to  each  wheel  is 
governed  by  hydraulic  inlet  valves  which  are  worked  by  a  sen- 
sitive hydraulic  relay^  the  relay  being  set  in  operation  by  a 
centrifugal  governor.  By  this  means  the  speed  is  automati- 
cally kept  constant,  independent  of  the  working  of  the  machine. 
In  addition  to  the  six  350  H.P.  alternators,  there  are  three 
other  direct  current  machines  used  as  exciters,  which  are  also 


ttflppic  r 


Flo.  6.— Oil  InaoUtor  u  uied  for  Overhead  Hign-Tenaioo  Wire  of 
Bome-I^voli  luetaUaUoa, 

driven  direct  from  the  smaller  Pelton  wheels.  Each  alternator 
is  designed  to  fumiah  current  at  6,000  volts  pressure  and  45 
amperes.  The  machines  will  be  driven  at  a  speed  of  170  revo- 
lutions per  minute.  Other  arrangements  for  regulating  the 
pressure  are  arranged  as  described  in  Chapter  L  The  alter- 
nating current  so  generated  is  to  be  transmitted  to  Rome,  a 
distance  of  25  kilometres,  by  means  of  four  stranded  copper 
cables,  each  being  100  square  millimetres  in  cross  section,  and 
capable  of  carrying  120  amperes.  These  are  to  be  carried  over- 
head on  iron  poles  placed  35  metres  apart,  and  about  30  feet 
high,  insulated  by  means  of  double-shed  oil  insulutors,  specially 
designed  for  this  work  by  Prof.  Mengarini.  The  lower  part  of 
the  insulator  {see  Fig.  6)  can  be  lowered  to  remove  or  renew 
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the  oil,  and  vihon  raised  into  place  it  keeps  the  flanges  of  the 
upper  part  wet  with  oil,  and  yet  renders  it  impossible  or 
difficult  for  insects  to  get  round  into  the  interior.  A  drop  of 
1,000  volts,  or  20  per  cent.,  is  to  be  allowed  in  these  lines.  At 
the  far  end  of  these  trunk  mains  the  pressure  will  be  reduced 
by  step-down  transformers  to  2,000  volts,  and  distributed 
underground  by  Siemens  cables  to  secondary  centres,  at  which 
it  will  be  again  reduced  to  TOO  volts.  The  six  machines  are  all 
capable  of  beiug  worked  together  in  parallel,  the  maximum 
number  of  five  beiug  used  together,  and  one  machine  being 
always  in  reserve.  Two  of  the  exciters  are  sufficient  to  supply 
exciting  current  to  the  whole  of  the  dynamos,  the  third  beiug 
a  reserve. 

,^  5.  Arrangement  of  Alternators. — Two  systems  of  arrange- 
ment of  dynamos  are  iu  general  use  in  alternating  current 
stations,  and  have  been  illustrated  in  the  descriptions  in 
Chapter  II. 

In  the  one  case,  each  dynamo  supplies  current  to  a  number 
of  separate  supply  lines  or  trunk  mains,  on  each  of  which  are 
placed  a  number  of  transformers  in  ditfcrent  premises.  Each 
of  these  dynamos  is  independent  of  the  others,  and  a  switch- 
board is  employed  by  means  of  which  the  supply  lines  can  be 
grouped  in  any  manner  desired  on  to  various  dynamos.  This 
arrangement  is  necessarily  a  very  imperfect  one,  because,  as 
the  demand  for  current  on  each  of  these  supply  lines  varies, 
the  attendant  in  charge  of  the  station  has  to  effect  changes 
in  the  grouping  of  these  oircuits  on  the  different  dynamos, 
and  this  can  hardly  be  done  without  a  momentary  "wink" 
or  extinction  of  the  lights.  Except  that  they  are  gathered 
together  in  the  same  station,  the  dynamos  bo  worked  have 
no  connection  with  one  another,  and  the  arrangement  is 
virtually  a  collection  of  little  central  stations  arranged  for  the 
sake  of  convenience  under  one  roof. 

The  other  arrangement  is  that  of  parallel  worked  alternators, 
and  is  the  only  plan  on  which  alternating-current  dynamos  m 
Electric  Stations  intended  for  the  permanent  supply  of  UghUng 
current  should  be  arranged. 

Before  1884  it  may  be  said  that  the  general  opinion  of 
electricians  was  that  alternating  current  machines  could  not  be 


903 


ALTCnKATB   OURREN'T   ELECTRIO  STATIONS. 


worked  together  iu  parallel  Mr.  Wilde  had,  however,  published 
in  the  Proceedings  of  the  Literary  and  Philosophical  Society, 
MatieAesUr,  on  December  15th,  1868,  a  Paper,  which  wa» 
jppprinted  in  the  Philoffrphical  Magazine  for  January,  1869,  in 
whioh  he  fully  described  experiments  on  the  simultaneous 
working  of  two  or  more  alternate  current  machines  oonnected 
together  in  multiple  arc.  These  observations  were  lost  sight 
of  until,  in  1883,  Dr.  Hopkinson  again  drew  attention  to  the 
lubjoct  in  a  lecture  delivered  before  the  Institution  of  Civil 
Engineers  in  1883,  and  also  more  fully  in  a  Paper  published 
in  the  Proceedingt  of  the  Society  of  Telegraph  Engiiuers  on 
November  13,  1884,  he  proved  that  alternate  current  machines 
could  cert-ainly  be  worked  together  iu  parallel  and,  on  the  other 
hand,  could  not  be  worked  together  when  coupled  in  series. 
Dr.  HopkiuBou's  proof  to  this  is  as  follows ; — 


.''    .  -H 


."      >-- 


^- 


Fio.  7. 


"Supp)08e  two  alternators  coupled  in  scries,  the  resultant 
electromotive  force  of  the  circuit  will  be  the  sum  of  the  electro- 
motive force  of  the  two  machtues.  This  resultant  electro- 
motive force  may  be  represented  by  a  dotted  curve  as  in 
Kig.  7  ;  the  two  firm  lines  curves  I.  and  II.  representing  the 
separate  electromotive  foroe  curves  of  the  two  machines;  the 
ordinates  of  the  dotted  curve  III.  being  the  sum  of  the  ordinates 
of  the  two  &rm  lino  curves.  Let  the  broken  line  curve  lY. 
represent  the  resultant  current  in  the  circuit,  this  will  thero- 
fore  lag  behind  the  resultant  electromotive  force  curves  in 
pbMe.  The  power  being  exerted  by  each  machine  at  any 
instant  is  represented  by  the  product  of  the  current  and  the 
etoctromotive  force,  and  it  is  clear  that  as  a  phase  of  the 
current  is  more  near  to  the  phase  of  the  lagging  machine,  XL, 
than  to  that  of  the  leading  machine,  I.,  the  lagging  machine 
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must  do  moro  work  id  producing  electricity  than  the  leading 
machine  and  consequently  ita  velocity  will  be  retarded,  and 
llhia  retardation  will  go  on  until  the  two  machines  settle  down 
into  exactly  opposite  phases,  when  no  current  will  pass  ;  acoord- 
ingly,  two  altenmtora,  coupled  in  series  and  independently 
driven,  adjust  themselves  so  that  the  resultant  current  in  the 
external  circuit  is  zero ;  in  other  words,  they  neutralize  each 
other  if  driven  in  series.  As  a  corollary  to  this,  it  follows  that 
two  alternators  ooupled  together  in  parallel  will  mutually  tend 
to  bring  one  another  into  step.  Let  A  B,  Fig.  S,  represent 
the  two  terminals  of  one  alternate  current  machine,  and  a  fr 
the  two  terminals  of  another  machine  independently  driven. 
Let  A  and  a  be  couuected  together  aud  B  aad  6.     So  regarded^ 


Fio.  a 


the  two  machines  are  in  aeries,  aud  we  have  just  proved  they 
will  exactly  oppose  each  other's  efifeots,  that  is,  that  when  A  ia 
positive,  a  will  be  also  positive,  and  when  A  ia  negative,  a  is 
also  negative.  Connecting  A  and  a  through  the  comparatively 
high  resistance  of  the  external  cirooit  with  B  aud  &,  the 
current  passing  through  that  circuit  will  not  in  any  way 
disturb  the  relations  of  the  two  machines ;  hence,  when  A  is 
positive,  a  is  positive,  and  when  A  is  negative,  a  is  ncjj^ativo^ 
which  is  the  condition  required  that  the  two  machines  can  work 
together  in  parallel  and  send  a  ourrent  into  the  external 
circuit." 

Dr.  HopkiuBon  was  therefore  able  to  predict  from  this  line 
of  reasoning  that  there  would  be  no  difficulty  in  coupling  a 
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number  of  alternate  current  machinea  on  to  one  external' 
circuit  in  parallel,  a  Httlo  care  being  taken  that  the  macbines 
were  put  together  only  when  they  had  attained  something  like 
the  proper  velocity.  The  analytical  proof  that  when  two 
machines  are  bo  coupled  the  leading  machine  does  most  work 
was  also  given  by  Dr.  Hopkinson  in  the  Paper  quoted,  lu 
follows  : 

Let  two  altematora  of  equal  size  and  electromotive  force 
be  coupled  in  parallel  on  to  one  circuit.  At  any  instant 
let  the  eliictromotive  force  of  one  machine  be  «,,  and  that 
of  the  other  e^  ',  and  let  the  electromotive  forces  of  the  two 
machines  differ  in  phase,  so  that  we  can  express  «j  and  «, 
by  the  expressions 

fj  —  E  sin  (pt-^a) 

and  e^  =  E&\n{pt-a). 

Hence,  E  is  the  maximum  value  of  the  E.M.F.  of  either 
machine,  and  2  a  is  the  phase  angle  difference  between  r^ 
and  e^  Let  the  current  at  the  same  instant  proceeding 
from  each  machine  be  called  i^  and  i^  and  let  2  r  and  2 1 
be  the  resistance  and  inductance  of  eaoh  machine  and  R 
the  resistance  of  the  external  circuit.  Then  the  current 
equations  for  the  circuit  of  the  two  machinea  are  respectively 

2/^+2rti«E8in{/»«  +  a)-K(»\  +  tj)     .    (L) 

u  t 

2/4^«+2rt,-EBin(pt-a)-R(i|  +  t^    .     (iL) 
a  » 

Adding  aud  subtracting  (i.)  and  (ii.)  we  get 

/— (»\  +  »j)  +  (r  +  R)(»i  +  ij)-E8in;?fC08a    .     (liL) 
at 


/  — -  (»j  -  »,)  +  r  (t|  -  tg)  =  E  cos  p  t  sin  a     .     (it.) 
at 


Solving  (iii.)  and  (iv.)  we  get 
Ecosa 


H+H''7i-rE^FrzTiiVr-^'R)^npt'plooBpi]    (v.) 
[rooRpt-^plBinpt],    .     •     •     (vi.) 


h-4 
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The  electrical  work  done  in  one  second  by  the  leading 
machine  is  tp^  and 

1  /"* 
«i--7f  i  E Bin  (p«  + a)  {»>.•,  +  (»,-.•,)}.  (Til.) 

T  being  the  time  of  the  complete  period  or  Zjr/p.     Also  the 
work  done  per  second  by  the  following  machine  is  w^  where 

".  =  4  f    i  E8m(p<-a)  {i,  +  i,-  (h-ij}.  (yiiL) 

1  -'  t-0 

Taking  the  values  of  t'l  +  i}  and  tj  -  ij  from  (v.)  and  (vi.)  and 
inserting  them  in  (vii.)  and  (viii.)  and  performing  the  multipli- 
cations and  deBnite  integrations,  we  arrive  at  the  values  for  w^ 


and  iff^  as  follows  : — 


ITj-J 


E« 


+  } 


{(r  +  R)  cos*  a  -  p  /  sin  a  cos  a} 
{r  sin' a +J9/ sin  a  COB  a}.     , 


(ix.) 


Substituting  and  iutegrating  in  the  same  way  (viiL)  we  have 
for  the  value  of  tr» 


Wg^J 


E« 


E2 


+  i 


{(r  +  R)  coa'  a  +p  I  sin  a  ooe  a} 
{r  sin*  a  -|2  /  sin  a  cos  a}.     , 


(X.) 


A  little  consideration  will  show  that  w,  is  always  greats  than 
iff^  in  other  words,  the  leading  machine  does  most  work.  If, 
therefore,  one  machine  lags  In  phase  behind  the  other,  the 
lagging  machine  is  relieved  of  its  load,  and  the  motor,  utUcms 
too  wfU  governed^  will  bring  it  up  into  step  again. 

The  conditions  for  best  mutual  control  are  also  obtainable 
from  the  values  of  v>^  and  w^ ;  for  subtracting  (ix.)  and  (x.)  we 
get 

Wi  -  Wj  =  —  ^  -T-^ — --  _ -^ -— r  >  am  2a   .     (xl) 

The  machines  are  doing  the  maximum  didference  of  work  when 
a  ■•  45*,  and  then  the  following  machine  is  doing  no  work  as  a 
generator.  If  the  difference  of  phase  ia  then  still  further 
increased,  the  following  machine  becomes  a  motor  and  absorbs 
work. 

aa2 
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The  best  conditione  for  mutual  control  are,  then,  that  such 
relations  between  r,  p  /,  and  R  ehould  hold  good  that  for  a 
small  value  of  a — that  is,  when  the  machines  are  juat  beginning 
to  get  out  of  step — the  quantity  in  (xi.)  in  brackets  shall  have  a 
maximum  value.  The  difibrence  of  the  work  done  by  tho 
alternators  is  a  periodic  quantity  as  regards  a,  and  the  value  of 
this  difTorence  for  small  values  of  a  is  greater  in  proportion  aa 
the  expression 

is  greater. 

Lot  R  be  infinite — that  ia,  suppose  the  external  circuit  is 
open,  then  it  ia  easily  seen  that  (xii.)  has  a  maximum  value  whea 

r^pl (liiL) 

Henoe  the  best  condition  for  mutual  control  of  the  machines  is 
that  the  ratio  of  armature  resistance  to  armature  inductance 
shall  be  about  equal  to  2n  times  the  frequency  of  the  alter- 
nations. 

Moreover,  \\  T—pl  and  Raoo  then  the  value  of  (xii.)  is  re- 
duced to  — ,  and  this  is  greater  in  proportion  as  r  and  therefore 

pi  ia  small.  Hence  this  analytical  treatment  points  to  the  con- 
clusion that  the  best  conditions  for  mutual  control  of  the  two 
alternators — that  is,  the  condition  under  which  they  will  best 
resist  gettiTi>^  out  of  step,  is  that  both  the  inductance  and  resis- 
tance of  the  armature  circuit  should  be  small,  and  that  their 
ratio  should  have  the  value  defined  by  equation  (xiii.). 

§  6.  Parallel  Working  of  Alternators. — These  predictions  of 
Dr.  Hopkinson  as  to  the  practicability  of  parallel  working  were 
shown  to  be  capable  of  fulfilment  in  some  experiments  made  in 
1884,  in  conjunction  with  Prof.  W.  G.  Adams  on  the  De  Meritens 
alternators  at  the  South  Foreland  Lighthouse,  which  were  run 
together  successfully  in  parallel  and  also  as  motors.  At  the 
time  when  these  expenments  were  made,  alternating  current 
working  had  hardly  begun  to  assume  a  practical  form,  and  henoe, 
although  scientifically  interesting,  these  experiments  hardly  re- 
ceived the  attention  they  deserved  from  dynamo  manufacturers. 

In  the  following  five  years,  transformer  work  was  practioally 
developed,  and  in  May,  1 889,  Mr.  W.  M.  Mordey  read  a  very 
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Important  Paper  boforo  the  Institution  of  Electrical  Engineers, 
in  -which  he  diaciisseil,  with  grcftt  thoroughness,  the  whole 
question  of  parallel  working  of  altemators,  and  described  some 
remiirkable  experiments  with  his  own  alternators,  which 
exhibited  the  power  of  parallel  working  in  a  remarkable 
degree.  In  this  Paper  Mr.  Mordey  expounded  with  great 
eleamesfl  the  condition  of  practical  parallel  working. 

Before  the  date  of  this  Paper,  engineers  had,  however,  become 
convinced  that  the  parallel  working  of  alternators  in  trans- 
former stations  was  a  mutter  of  the  highest  importance ;  but 
very  varied  opinions  had  been  expressed  as  to  the  couditiooa 
and  constructions  of  alternators,  which  would  enable  this 
parallel  working  to  be  most  successfully  achieved.  Generally 
speaking,  it  may  bo  said  that  between  the  years  1884  and 
1889  it  had  been  generally  recognised  that  parallel  working  of 
alternators  could  bo  accomplished  ;  but  it  was  hardly  felt  that 
the  arrangement  was  one  which  could  be  completely  and 
thoroughly  depended  upon  in  every  case,  and,  moreover,  entire 
confidence  was  not  felt  in  the  ability  of  every  form  of  alter- 
nator to  be  BO  used.  Some  had  expressed  the  opinion  that 
alteruiitors  could  be  successfully  run  iu  parallel  if  the  armature 
circuits  had  a  good  deal  of  self-induction,  iu  other  words,  ii 
they  had  iron  cores. 

In  a  Paper  on  alternate  current  machinery,  Mr.  Kapp*  dealt 
at  considerable  length  with  this  part  of  tho  subject  Referring 
to  alternators  with  armature  oircuita  of  small  self  induction, 
M>.  Kapp  said  machines  of  this  type  could  only  be  run  in 
parallel  if  tho  strength  of  their  6eld  is  adjusted  with  almost 
mathematical  precision.  To  make  them  fit  for  this  method  of 
working  the  armature  resistance  or  armature  self-induction 
must  be  increased.  Further  down  he  says  it  is  well  known 
that  alternators  haying  no  iron  in  their  armatures  cannot  be 
run  in  parallel  except  by  the  adoption  of  some  such  expedient 
fts  a  choking  coil,  in  series  with  the  armature. 

Practical  experience,  therefore,  had  been  conflicting  as  to  the 
exact  circumtftances  under  which  parallel  working  could  be 
meet  easily  and  safely  accomplished.  It  had  been  shown 
before  the  date  of  Mr.  Mordey's  Paper  that  the  Zipemowsky 
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alternator,  working  at  a  low  frequency  of  42,  and  wbioh  bad 
an  iron-cored  armature,  could  work  well  in  parallel,  but  thi» 
seemed  rather  to  support  the  theory  that  self-indQCtion  in  the 
armature  was  useful  for  this  purpose. 

The  Westinghouae  Company  had  tried  working  their  alter- 
nators in  parallel,  and  had  apparently  found  that  the  machinea 
controlled  one  another  well  under  full  load,  but  could  not  be 
depended  on  to  do  so  at  light  loads. 

The  Lowrio-Hall  alternators,  which  had  iron-cored  armatureSy 
had  also  been  shown  to  be  capable  of  being  worked  in  parallel 
together. 

Experience,  therefore,  as  far  as  it  went,  seemed  to  indioate 
that  machines  with  iron-cored  armatures  would  work  together 
in  parallel ;  but  in  the  Paper  referred  to,  Mr.  Mordey  described 
some  remarkably  interestiug  experiments  with  his  alternator, 
which,  as  we  have  seen,  is  without  iron  in  the  armature,  and 
in  which  he  obtained  very  novel  results  on  the  coupling 
together  of  alternators  both  at  the  same  and  at  different 
electromotive  forces.  In  these  experiments,  each  alternator 
was  driven  by  a  separate  75  horse-power  Fowler  engine,  the 
speed  of  working  being  120  per  minute.  The  following 
experiments  were  tried  and  described,  and  subsequently 
demonstrated  in  public  by  Mr.  Mordey.  First,  the  altematom 
were  run  up  to  full  speed,  and  each  excited  to  give  2,000  volts. 
When  the  phases  were  identical,  as  determined  by  synchronis- 
ing transformers  and  lumps,  the  machines  were  put  iuto  parallel, 
without  any  external  load  and  without  any  impedance  coils  or 
resistance  coils  between  tbem ;  they  ran  in  parallel  perfectly. 
Second,  a  suitable  iuductionless  load  was  then  put  on  and  taken 
off;  they  ran  well,  under  the  circumstances.  Third,  they  were 
then  uncoupled  and  the  load  being  connected  to  the  mains, 
they  were  suddenly  and  simultaneously  switched  on  without 
synchronisation ;  and  they  pulled  each  other  iuto  parallel  at 
once.  Fourth,  one  of  the  alternators  was  excited  to  give  1,000 
volts,  and  the  other  2,000,  they  were  then  switched  in  parallel ; 
and  they  went  into  step  immediately,  giving  a  resultant  electro- 
motive force  of  about  1,500  volts.  Fifth,  when  one  machine 
was  excited  to  1,000  volts  and  the  other  to  2,000  volts,  they 
were  switched  in  parallel  when  out  of  phase,  and  instantly 
weat   into   step,   a  large  current  appeared  to  pass  betwesA 
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them  for  a  fraction  of  a  second.  Sixths  whilst  running  in 
parallel,  one  machine  was  disconnected  from  the  engine ;  it 
continued  to  run  as  a  motor.  Seventh,  two  machines  were 
then  coupled  up  to  2,000  volts,  they  were  then  switched  in 
parallel  when  out  of  step,  and  without  any  external  load ;  and 
went  into  step  instantly.  Eighth,  whilst  running  as  in  the  last 
oase,  the  steam  from  one  eugiuo  was  shut  off;  the  alternators 
kept  in  step,  one  acting  as  a  dynamo  aud  driving  the  other  as  a 
motor  and  its  associated  engine. 

It  was  found  that  the  machines  could  also  pull  each  other 
into  stop  even  when  running  at  somewhat  different  speeds; 
accordingly,  these  machines  in  which  the  armature  had  small 
reeistanoe  and,  relatively  speaking  to  other  machines,  small 
Belf-induction,  worked  together  in  parallel  under  very  trying 
circumHtances,  and  showed  a  great  power  of  mutual  control. 
This  was  sufficient  to  demonstrate  the  incompleteness  of  ideas 
previously  prevalent. 

Since  the  date  of  Mr.  Mordey'a  Paper  Mr.  Ferranti  has  also 
been  successful  in  working  his  alternators  in  parallel,  the  625 
horse-power  alternators  at  Deptford  being  worked  regularly 
in  parallel,  and  the  1,250  horse-power  alternators  working  at 
10,000  volts  being  found  to  be  capable  of  being  worked  in 
parallel  with  the  625  horse-power  alternators  working  at  2,400 
volts,  having  the  pressure  raised  to  10,000  volts  through 
Btop-up  transformers. 

It  is,  therefore,  evident  that  successful  parallel  working  is 
in  no  way  dependent  upon  iron  in  the  armature  core,  nor  upon 
external  self-induction,  but  that  the  cause  which  contributes 
to  produce  successful  parallel  working  must  be  looked  for  in 
other  directions. 

Mr.  Mordey  first  gave  the  demonstration  of  the  perfection  of 
parallel  working  attained  by  the  employment  of  alteniators  of 
small  armature  resistance  and  inductance,  and  be  took  up  the 
position  that  a  perfect  alternator  for  every  purpose  should 
have  no  resistance  in  its  armature  and  no  self-induction. 
Very  briefly,  Mr,  Mordey's  theory  of  the  oonditiona  of  syn- 
chronous control  of  altcmatore  may  be  said  to  be  that  the 
Armature  circuits  should  have  such  small  impedance  that  the 
currents  in  them  can  be  rapidly  reversed,  and  that  very  small 
imprased  electromotive  forces  may  give  rise  to  large  currents 
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flowing  through  the  armatures ;  also  that  the  prime  motora 
or  eDginea  should  be  under  tho  control  of  the  dynamos,  and 
should  not  be  too  well  governed,  or  not  governed  at  all. 
Under  these  circumstances,  if  one  alternator  lags  behind  the 
other  in  consequence  of  its  speed  slightly  falling  off,  its  elec- 
tromotive force  is  diminished,  and  the  leading  machine  sends 
a  reversed  current  through  the  armature  of  the  lagging 
machine,  converting  it  into  a  motor,  and  accelerating  it  into 
step  again,  provided  that  the  moving  parte  of  its  associated 
engine  are  not  too  slow  moving  and  massive  to  respond  quickly 
to  this  impulse. 

The  absence  of  armature  self-induction  and  resistance  per- 
mits} therefore,  a  large  controlling  current  to  be  applied  to  the 
lagging  machine  to  bring  it  up  into  step.  The  falling  off  ia 
the  work  done  by  the  lagging  machine  as  soon  as  it  begins  ta 
lag,  causes  the  engine  driving  it  to  speed  up,  and  hence  thfl 
lagging  machine  is  brought  up  into  line  again,  both  by  the 
engine  pushing  it  and  the  leading  machine  pulling  it,  and  this 
process  of  forcing  it  into  step  with  the  other  is  applied  promptly 
and  powerfully  the  moment  there  is  the  slightest  falling  off  in 
speed  in  either  of  the  machines.  Hence  results  a  synchroaiA- 
ing  mutual  control,  which  is  automatic  and  prompt.  Self- 
induction  or  resistance  in  the  armature  circuit  is  injurious 
because  it  causes  a  diminution  and  delay  in  the  application  of 
this  restoring  force. 

There  is  one  other  element  which  also  contributes  to  the 
constant  adjustment  of  equality  in  the  speeds  and  electromotive 
forces,  and  that  ia  the  re-action  of  the  armature  currenta  upon 
the  field  magnets.  Mr.  Swinburne  has  emphasised  very  strongly 
the  importance  of  this  element  in  the  process. 

As  is  well  known,  the  action  of  the  armature  current  upon 
the  field  magnets,  when  the  machine  is  acting  as  a  generator, 
is  to  weaken  the  6elds.  Consider  the  case  of  a  Ferranti  alter- 
nator. The  instant  of  maximum  impressed  electromotive  force 
in  any  ooil  during  the  phase  is  when  that  armature  coil  is  half 
way  between  the  positions  in  which  it  is  exactly  opposite  to  a 
magnet  pole.  This  is  the  instant  when  the  rate  of  change  of 
induction  through  the  coil  is  a  maximum. 

Owing  to  the  presence  of  some  small  self-induction  in  the 
armaturo  circuit,  the  current  lags  in  phase  a  little  behind  the 
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impressed  electromotive  force,  and  the  current  has  its  maximum 
when  the  armature  coil  is  more  nearly  opposite  to  the  middle 
of  a  magnet  pole.  A  little  consideration  will  show  that  the 
direction  of  the  current  in  the  armature  is  such  that  it  tends  to 
diminish  the  magnetism  of  that  ma^etic  pole.  If  the  armature 
current  is  reversed  when  the  coil  is  in  that  position,  it  will,  on 
the  other  hand,  tend  to  increase  or  strengthen  the  magnetism 
of  the  field  pole.  This  armature  reaction  has  the  effect  of 
strengthening  the  field  poles  of  the  machine  which  lags,  and 
hence  tends  to  increase  its  electromotive  force.  This  strengthen- 
ing of  the  field  of  the  lagging  machine  still  further  increases 
the  forces  brought  to  bear  upon  the  armature  to  bring  it  up 
into  step  with  the  other.  In  such  an  alternator  it  would  seem 
that  there  are,  therefore,  three  causes  at  work  tending  to 
maintain  syuohronism  when  worked  in  parallel  with  another 
similar  machine. 

First,  the  lagging  machine  does  less  work,  and  the  engine 
therefore  gathers  speed,  and  being  relieved  of  load  will,  unless 
too  well  governed,  accelerate  the  speed  of  the  lagging  machine. 
Second,  the  leading  machine  impresses  a  reverse  electromotive 
force  on  the  lagging  machine,  and  will,  unless  the  armature 
resistance  and  inductance  are  too  great,  send  through  it  a  con- 
derable  back  current,  and  convert  the  laggard  into  a  motor. 
Third,  the  armature  reaction  comes  into  operation  to  strengthen 
the  magnetic  field  of  the  laggard,  and  increases  the  force  of 
restitution  on  the  armature.  Perfect  parallel  working  for  prac- 
tical purposes  requires  that  these  actions  shall  be  very  prompt 
— that  is,  that  neither  machine  shall  get  out  of  step  by  more 
than  a  very  small  fraction  of  the  whole  phase  without  being 
checked.  Hence  the  greater  the  self-induction  of  the  arma- 
ture circuit  the  slower  must  be  the  frequency  of  the  alterna- 
tions in  order  to  effect  parallel  working  well,  l>ecauso  there  is 
then  a  longer  period  of  time  at  disposal  in  which  to  create  a 
rectification  of  phase  before  mischief  is  done.     The  perfection 

L of  parallel  working  rc^^uires  that  the  machines  should  control 

^H         each  other  equally,  whatever  the  value  of  the  current  in  the 

^"         external  circuit. 

r  Mr.  Mordey's  alternators  do  this  in  a  very  perfect  manner. 

Two  of  these  alternators  can  be  thrown  into  parallel  with  no 

I  external  load  equally  as  well  as  when  fully  loaded  up.     Two 


an 


ALTBBNATE  OtTHRBNT   BLSCTRIO  STATIOKa 


Altarnntora  so  coupled  Bhould  control  one  another  withotzt 
muoh  Rctuul  exchange  of  current.  It  is  easy  to  teat  whether 
thia  is  the  case  by  placing  an  ammeter  on  the  armature  circuit 
of  each  machine,  and  one  ammeter  on  the  omnibus  bars  to 
measure  the  total  current.  When  the  machines  are  running 
well  in  parallel  the  separate  armature  currents  should  be 
equal  in  total  value  to  the  total  current.  The  needles  of 
the  ammeters  on  each  nmchine  should  also  be  steady,  and  not 
vibrate  much,  indicating  the  existence  of  rapid  fluctuations  in 
the  current  in  each  armature. 
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REACTIVE 


COtt, 
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jria  9. — ArraDgemeDt  of  Reactive  Cotia  uMd  in  putting  Thonuoo 
AltematoFB  ia  ParklleL 


The  Thomson-Houston  Company  insert  a  reactive  coil  in  series 
with  the  armature  circuit  of  the  dynamo  which  is  to  be  put  in 
parallel  with  others.  This  reactive  coil  is  only  a  variable  ina- 
pedance  coil  (see  Fig.  104,  Chap.  IT.),  which  is  useful  to  prevent 
groat  rushes  of  current  taking  place  through  the  armature  of 
the  incoming  machine,  and  which  impedance  is  removed  when 
the  machine  is  in  step  with  the  others  (see  Fig.  9). 

The  use  of  this  reactive  coil  may  be  thus  described :  When 
two  or  more  alternators  are  worked  in  parallel  on  to  the  same 
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omnibus  primary  main,  as  is  the  caae  with  the  Thomson 
alternators  at  St.  Brieux,  in  France,  a  reactive  coil  is  inserted 
in  the  maiu  circuit  of  each  machiue.  When  one  alternator  is 
working  on  the  circuit,  and  it  is  required  to  insert  another  in 
parallel  with  it,  the  incoming  machine  is  first  brought  up  to 
the  same  voltage  as  the  working  circuit.  It  is  then  synchro- 
nized by  means  of  the  synchronizing  transformers  and  lamps, 
as  described  in  §  9  of  Chapter  II.,  and  the  reactive  coil  is 
turned  so  as  to  insert  the  whole  of  the  self-induction  in  the 
armature  circuit  of  the  incoming  machine.  When  the  volts 
and  speed  of  this  last  machiue  are  adjusted,  the  double  pole- 
switch  is  closed,  and  the  self-induction  gradually  removed.  By 
this  means  any  sudden  back-rush  of  currents  into  the  incoming 
machine  is  avoided,  and  also  any  outrush  ;  the  load  can  be 
gradually  divided  between  the  two  alternators  by  adjusting 
their  exciting  currents  or  speeds,  and  thus  obviate  any  disturb- 
ance of  the  lighting  current. 

In  the  case  of  the  Ganz  alternators  it  is  found  desirable  to 
run  up  the  incoming  machiue  on  a  bank  of  separate  lamps  to 
nearly  the  same  volts  and  amperes  as  the  machine  will  have 
when  on  the  working  circuit,  and  then  to  put  in  the  machine 
and  remove  the  artificial  load.  This  last  arrangement  seems 
necessary  only  with  alternators  of  considerable  self-induction, 
and  in  whicli  the  variation  of  terminal  volts  with  armature 
current  is  considerable.  With  machines  in  which  the  'Vlrop" 
between  no  load  and  full  load  is  negligible  this  artificial  load  is 
not  necebsary. 

The  ease  of  parallel  working  is  undoubtedly  assisted  by 
employing  a  moderate  frequency  of  alternation.  At  present 
the  frequencies  now  in  use  are  by  Zipemowsky,  4J'\^; 
Mordoy,  100  "X,  ;  Elwoll-Porker,  SO^  ;  Forranti,  83  f\,  ; 
Westinghouae,  133  f\j.  The  symbol  ^  was  introduced  by 
Mr.  Mordey  to  denote  one  complete  alternation  or  period  or 
wave  of  current. 

In  addition  to  this,  the  engine  speeds  are  also  a  factor  in 
promoting  facility  of  synchronisation.  A  slow  moving  engine 
with  heavy  fly-wheel  is  less  advantageous  than  an  engine 
having  a  moderately  rapid  piston  speed  and  a  not  very  massive 
fly-wheel  for  the  iHirallel  working  of  alternators.  The  reason 
for  this  being  that  the  slow  moving  engine  is  only,  at  com- 
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paratively  greftt  intervala  of  time,  giving  a  push  to  the 
alternator,  and  it  is  not  therefore  ready  at  any  instant 
immediately  to  respond  and  act  on  a  lagging  armature,  iu  the 
way  above  described.  It  will  also  be  evident,  from  remarks 
already  made,  that  the  governing  of  the  engine  has  a  certain 
share  in  efTecting  good  parallel  working.  If  the  government 
of  the  engine  was  theoretically  perfect^  it  might,  iu  one  way, 
prevent  alternators  from  getting  out  of  step,  but  it  would  prove 
a  disadvantage  in  controlling  the  engine  from  making  the 
little  spurt  necessary  to  restore  co-phasal  working  when  they 
do  get  out  of  step.  What  seems  to  be  required  is  a  governor 
that  should  not  be  too  good,  that  it  should  be  one  which 
allows  a  margin  of  racing  in  the  engine,  in  order  that  it  may- 
pick  up  any  lag  in  the  alternator ;  but  which  is  good  enough 
to  control  the  average  speed  uuder  varying  external  load. 


§  7.  Oonductors  employed  in  Transfonner  Systems, — Con- 
ductors for  electric  lighting  purposes  by  alterujitiug  currents 
may  be  either  underground  or  aerial  conductor.  They  are 
spoken  of  as  extra  high,  high  or  low  pressure  couductora 
according  to  the  voltage  of  the  current.  This  division,  of 
course,  is  perfectly  arbitrary,  but  for  the  purpose  of  legislation 
the  English  Board  of  Trudo  have  dc6ned  a  low-pressure  con- 
ductor when  used  with  altorimting  currents,  to  be  a  circuit 
such  that  the  ditrereuce  of  pressure  between  the  lead  and 
return  wires  is  the  equivalent  of  150  volta.  A  difference  of 
potential  ou  the  alternating-current  system  is  deemed  to  be 
the  equivalent  of  a  diOereuce  of  poteutial  on  the  continuoua- 
current  system  when  those  pressures  produce  an  e<iual  heating 
effect  if  applied  to  the  ends  of  a  thin  stretched  wire  or  carbon 
filament.  A  high-pressure  conductor  is  defined  to  bo  a  con- 
ductor between  the  lead  and  return  of  which  a  greater 
difference  of  pressure  exists  than  150  volts.  An  extra  high 
pressure  is  defined  to  be  a  pressure  greater  than  3,000  volts. 

High-pressure  conductors  for  the  purpose  of  electric  lighting 
by  alternating  -  current  systems  require  exceedingly  careful 
insulation;  and  many  systems  for  the  insulation  of  such  con- 
ductors, both  for  high  and  extra  high  pressures,  are  now  in 
use,  some  of  which  have  been  described  in  the  foregoing 
sectiona.     The  use  of  overhead  high-pressure  conductors  is  not 
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enooaraged  by  the  Board  of  Trade,  and  they  have  laid  down 
Btringent  regulations  as  to  the  manner  in  which  such  aerial  con- 
duotors  shall  be  erected  and  maintained.  Speaking  generally} 
when  overhead  conductors  are  used  for  high-presaure  distribu- 
tion, these  consist  of  some  form  of  highly  insulated  stranded 
copper  conductor,  either  7/20,  7/18,  7/16,  or  19/18,  which  is 
Buspeuded  from  a  standard  steel  stay  line  or  bearer  of  7/16, 
both  the  conductor  and  the  stay  line  being  inaulated  preferably 
by  fluid  insulators  such  as  those  shown  in  Fig.  6,  the  cable 
being  suspended  from  the  stay  line  by  rings  and  leather 
thougs  at  short  iutervala  (see  Fig.  10). 


Fio.  10. 


To  show  how  the  length  of  span  may  be  increased  by  the 
use  of  the  bearer  wire,  the  following  table  has  been  drawn  up, 
giving  the  length  of  span  which  might  safely  be  used  on  the 
two  systems,  supposing  that  the  dip  remains  the  same  In  both 
cases,  and  that  a  wind  pressure  of  201b.  is  allowed  for : — 


Conductor. 

Dip. 

Allowable  apau. 

Ka  of  ■trftudi. 

Without  bearer. 

With  7/16  bearer. 

7/20 

19/18 

fMt 

5 

5 

foot. 

64 

80 

102 

118 

feet, 

233 

230 

220 

210 
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\Mien  passing  through  towns,  tho  Board  of  Trade  require  that 
the  conductors  in  auy  street  shall  not  be  of  a  less  height  from 
the  ground  than  30ft.,  where  they  cross  the  street,  or  go  withia 
6ft.  of  any  building  or  erection  other  than  the  support  for  the 
conductor.  Spans  between  the  supports  are  not  to  exceed  200ft. 
for  straight  runs,  or  150ft.  for  curves.  Every  support  or  pole,  if 
of  metal,  is  to  be  connected  to  the  earth,  and  if  of  wood  to  have 
an  efficient  lightning  conductor  connected  to  it,  of  approved 
pattern.  Every  high-preasura  aerial  conductor  controlled  by 
these  regulations  for  public  supply  must  be  continuously 
insulated  with  a  durable  and  efficient  material,  to  be  approved 
by  the  Board  of  Trade,  of  a  thickness  of  not  lesa  than  ^th  part 
of  an  inch,  and  in  cases  where  an  extreme  difference  of  potentiftl 
exceeds  2,000  volts,  the  thickness  of  insulation  must  not  be 
less  in  inches  or  parts  of  an  inch  than  the  number  obtained  by 
dividing  the  number  represouting  the  volts  by  20,000.  This 
insulation  must  be  further  efficiently  protected  on  the  outside 
against  injury  by  removal  or  abrasion.  The  material  used  for 
insulating  the  high-pressure  aerial  conductors  is  preferably  the 
best  vuloanised  rubber  covering,  overlaid  with  a  protecting 
covering ;  but  the  Board  of  Trade  Rules  permit  the  use  of  any 
material,  provided  that  it  is  not  liable  to  injurious  change  of 
structure  when  exposed  to  any  temperature  between  10*  and 
150*  F.,  or  by  contact  with  the  ordinary  atmosphere  of  towQB 
or  manufacturing  districta 

The  maximum  working  current  in  any  aerial  conductor  la 
defined  to  be  one  which  will  not  raise  the  temperature  of  the 
conductor  in  any  part  to  a  greater  extent  than  30*F. 

In  erecting  such  aerial  conductors,  where  desirable  and  per- 
-mitted,  it  is  necessary  that  the  lead  and  return  conductoTB 
should  not  be  distant  from  one  another  by  more  than,  say, 
12in.,  in  order  that  the  inductive  cflfect  of  the  altematiug 
current  flowing  in  them  may  not  produce  any  disturbances  in 
neighbouring  telephone  wires. 

In  a  case  where  aerial  conductors  have  been  erected  by 
supply  companies  in  Great  Britain,  who  afterwards  take  a  Pro- 
visional Order  for  that  district  of  supply,  the  local  authoritiea 
have  the  right  to  require  the  removal  of  the  overhead  conduo- 
tore  within  two  years  after  the  date  of  the  Order  if  they  think 
fit.      Wheu,   however,  the  local  authorities  permit  the  ooa- 
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tinuauce  of  such  conductors,  they  bave  to  be  erected  and  main- 
tained under  the  Board  of  Trade  Kules,  to  which  reference  has 
just  been  made.  Although  there  are  conditions  under  which  tho 
use  of  such  overhead  conductois  is  desirable  for  economical 
reasons,  there  is  little  doubt  but  that  the  only  permanently 
satisfactory  method  of  supply  is  by  underground  conductors. 

In  designing  the  conductor  system  for  a  transformer  station 
there  will  in  general  bo  two  seta  of  conductors  which  have  to  be 
provided,  the  high-pressure  conductor  system  conveying  the 
primary  current  from  the  generating  station  to  the  transformer 
centres,  and  the  low-pressure  distributing  conductors  which 
convey  current  to  the  premises  of  consumers.  With  regard  to 
underground  high-pressure  conductors,  broadly  speaking,  there 
are  three  systems  in  use. 

In  the  Brst,  some  form  of  highly  insulated  cable  is  drawn 
into  well-scoured  iron  or  earthenware  pipes.  In  laying  down  a 
system  of  this  kind,  the  roads  and  pavements  are  first  opened 
up  in  sections,  and  the  pipes  laid  with  brick  built  drawing-in 
boxes  at  bends  and  every  80  or  100  yards  in  straight  runs.  In 
laying  down  the  pipes  an  iron  wire  is  run  through  them,  by 
means  of  which  the  cables  are  drawn  in  subsequently.  On  the 
completion  of  the  pipe-laying,  highly-insulated  conductors, 
most  generally  insulated  with  the  best  vulcanised  india-rubber, 
and  with  an  additional  protecting  covering,  are  drawn  in.  In 
cases  where  the  insulating  material  consists  of  some  fibrous 
vegetable  matter,  impregnated  with  insulated  material  such  as 
oil,  resin,  or  bitumen,  it  is  necessary  that  tho  cable  should 
be  further  protected  by  a  continuous  lead  covering  drawn  on  to 
it,  and  the  lead  itself  further  protected  by  coverings  of  tarred 
hemp.  In  some  cases  a  number  of  cables  are  drawn  in  together 
to  the  iron  pipe,  or  bunched  as  it  is  called.  This  is  not,  on  the 
whole,  a  desirable  proceeding,  the  cables  necessarily  get  matted 
together,  and  the  withdrawal  of  any  one  of  the  number  subse- 
quently is  often  a  matter  of  great  difficulty,  if  not  impossibility. 
In  winter,  water  may  get  access  to  the  pipes  and  freeze,  binding 
together  the  cables  in  such  a  way  that  they  cannot  be  separated 
without  drawing  out  the  whole  bunch.  Whenever  iron  pipes 
are  employed,  by  far  the  best  way  is  to  have  one  pipe  for  each 
cable,  selecting  the  pipe  of  such  size  that  the  cable  could 
easily  be  drawn  in  and  out.    In  some  cases,  instead  of  using 
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iron  or  Btoneware  pipes,  couduits  formed  of  cement  or  bitumen 
ooncrcto  Itave  been  employed.  In  these  oases  the  conduit  cod- 
Biatfl  of  a  moM  of  material,  which  is  pierced  with  ohannels  or 
wayai  in  each  of  which  insulated  cable  is  drawn,  suitable 
drawing-in  boxes  being  built  at  intervals.  There  is  no  question 
that  ■uoh  eniire  separation  of  hij^h-pressure  cables  is  desirable  ; 
if  oablee  are  bunched  together^  then  a  fault  in  one  is  verr  liable 
to  extend  to  others  at  the  same  spot,  disturbing  a  whole  groun 
of  conductors.  When  the  separate  drawing-in  system  is  etn- 
ployod,  each  conductor  can  be  removed  for  exumiuatioa  and 
NpUoed  separately. 

Stoondlji  in  opi>o«ition  to  these  drawing  in  systems,  there 
are  the  STStems  iu  which  insalated  cables  are  imbedded  in  some 
■olid  insulating  materiali  or  drawn  into  pipes  which  are  filled 
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an  iron  lid  is  then  put  on  the  trough,  and  the  roadway  filled  in. 
At  intervals,  junction  boxes  are  provided,  at  which  off-aeta  can 
be  taken,  and  when  the  joints  are  made  in  these  boxes  they  are 
likewise  filled  in  with  melted  bitumen.  Experience  has  bo  far 
shown  that  this  system  is  a  satisfactory  method  for  insulating 
cables  with  pressiu'es  not  exceeding  2,000  volts,  and  that  if  the 
work  is  carefully  and  properly  carried  out,  it  affords  a  perma- 
nently satisfactory  method  of  insulating  high-pressure  cables. 

Another  method  of  laying  and  insulating  high-pressure  cables 
is  one  that  has  been  for  many  years  advocated  by  the  late  Mr. 
David  Brooks,  and  is  now  carried  out  by  Messra.  Johnson  and 
Phillips,  of  London.  Under  this  method,  a  system  of  wrought- 
iron  piping  is  laid  down,  and  a  cable  is  drawn  in,  consisting  of 
a  copper-stranded  conductor  covered  with  a  covering  of  jute  or 
hemp.  This  hemp-covered  conductor  is  first  thoroughly  desic- 
cated and  boiled  in  resin  oil,  so  as  to  impregnate  the  fibres 
thoroughly  with  the  insulating  oil.  This  impregnated  cable 
being  drawn  into  the  iron  pipe,  the  pipe  is  filled  up  with 
the  same  insulating  oil,  forced  into  it  from  the  lowest  level. 
Allowance  is  mode  for  thu  expuiisiou  of  the  oil  and  difference  of 
level  by  means  of  stand  ])ipGS  wbioh  maintain  the  hydraulic 
pressure  of  the  oil  in  tiie  pi]>e.  This  method  of  fluid  insulation 
has  not  yet  been  widely  used,  but,  having  regard  to  the  success 
which  has  attended  the  use  of  oil  as  an  insulating  material  in 
the  case  of  transformers,  there  is  good  reason  to  believe  that  a 
properly  worked -out  system  of  fluid  insulation  for  high- 
pressure  conductors  would  be  one  which  would  be  attended 
with  great  success.  The  immense  advantage  of  a  fluid  insu- 
lator is  that  it  camiot  be  {>eriaaneutly  cracked  by  a  spark,  but 
heals  up  after  a  discharge  has  passed. 

The  third  system  of  insulation  which  has  been  so  far 
adopted  for  high  and  extra  high  pressures  is  that  of  concentric 
stranded  or  solid  tubular  conductors,  the  insulating  material 
between  the  conductors  being  either  paper  impregnated  with 
various  waxes,  as  used  by  Mr.  Ferranti,  and  fully  described  in 
a  former  section,  or  the  Siemens  Concentric  Cable,  which  has 
been  described  in  §7  of  Chapter  II.  of  this  volume.  Other 
makers,  such  as  the  Fowler-Waring  Company,  also  supply 
high-pressure  conceutric  cables,  insulated  with  jute  impreg- 
nated with  resinous  or  oily  material. 
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In  selecting  the  proper  size  and  form  of  cable  to  be  used  with 
alternating  curreut,  it  is  necessaiy  to  take  into  consideration 
the  fact  referred  to  in  Vol.  L,  §  11  of  Chapter  IV.,  in  which  it 
is  pointed  out  that  the  flow  of  alternating  current  is  practically 
confined  to  a  certaiu  external  layer  of  the  conductor  when 
this  lost  is  above  a  certain  size,  and  that  the  diameter  of  any 
conductor  which  can  be  economically  employed  for  alternating 
currents  is  determined  by  the  periodicity  of  that  current.  In 
the  section  rofcrred  to,  it  has  been  shown  that  the  effect  of 
the  periodicity  of  the  current  is  practically  to  increase  the 
resistance  of  the  conductor  in  consequence  of  the  fact  that  the 
current  flow  takes  place  in  the  outer  layers  of  the  conductor. 

In  the  case  of  continuous  currents,  or  currents  having  a  very 
slow  rate  of  alternation,  the  distribution  of  the  current  is 
uniform  over  the  cross-section  for  any  practical  size  of  cou- 
diictors.  On  the  other  hand,  as  the  rates  of  alternation 
increase,  the  current  ia  more  or  less  limited  to  the  outer 
layers  of  the  metal,  and  the  resistance  of  the  conductor  is 
therefore  increase<l,  because  tlie  central  portions  of  the  con- 
ductor are,  aa  it  were,  not  used  by  the  current,  and  might, 
therefore,  just  as  well  be  absent.  Lord  Raylcigh  has  given, 
aa  previously  stated,  a  formula  by  which  such  increase  of 
resistance  could  be  state*!  ;  and  Mr.  Mordey,  working  from  the 
calculations  given  by  Sir  William  Thomson,  gave  in  his  Paper 
on  "  Alternate  Current  Working"  a  table  showing  the  increase 
of  resistance  over  and  above  the  true  ohmic  resistance  of  the 
conductor,  calculated  for  various  frequencies  and  on  the  basia- 
that  the  density  of  current  is  taken  at  450  amperes  per  square 
inch.  Such  a  current  density  gives  a  loss  of  1  per  cent,  per  mile, 
with  2,000  volts ;  it  also  gives  about  1  per  cent,  loss  per  100 
yards  with  100  volts,  or  more  exactly  15  per  cent.  In  the  table 
on  page  371  the  increase  of  resistance  for  conductors  of  different 
sizes  is  given  for  three  diflerent  frequencies :  SO,  100  and  133. 

The  first  two  columns  give  the  diameter  of  the  conductor, 
the  second  two  cohimna  its  sectional  area,  the  fifth  column 
gives  the  amount  as  a  percentage  by  which  the  virtual 
Teeistance  of  the  copper  conductor  for  that  frequency  exceeds 
the  true  steady  or  ohmic  resistance  of  that  conductor.  The 
sixth  column  gives  the  current  flowing  in  the  conductor.  It 
will  be  seen,  therefore,  that  at  the  frequency  of  80  for  conduo- 
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tors  of  less  than  half  an  iuch  in  diameter,  the  increafie  in  resis- 
tance due  to  frequency  in  negligible,  or  at  any  rate  something 
lesa  th&u  2^  per  cent.  For  couductors,  liu.  in  diameter  and 
upwards,  the  increaae  in  resistanoe  due  to  the  nou-uniform 
dibtribution  of  the  current  over  the  cross  section  of  the  con- 
ductor becomes  very  aerious  even  for  a  frequency  of  80,  and 
henoe,  the  practical  deduction  from  this  is  that  in  no  case 
should  a  copper  conductor,  intended  for  the  conveyance  of  alter- 
nating ourrents,  have  a  thickness  or  diameter  greater  than 
half  an  inch,  and  preferably  rather  less  than  that. 

Table  s/tomng  Percentage  Licreast  of  Resistance  in  CotkIuHots 
(copper)  nf  various  diameters  employed  with  Alternating 
Currents  of  various  frequencies. 
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This  virtual  resistance  effect  will  not  be  found  to  he  at  all 
important  in  htgh-prosaure  conductors,  the  limitations  imposed 
by  the  amount  of  energy  which  it  ia  aafe  to  convey  through  the 
•ingle  cable  will  generally  render  it  necessary  to  keep  down  the 
diameter  of  the  cable  below  the  point  at  which  the  virtual 
resistance  effect  is  sensible  ;  but  for  the  low-tension  secondary 
conductors  working  at  100  volts,  it  is  necessary  to  avoid  the 
use  of  conductors  of  a  greater  diameter  than  half  an  inch.  This 
is  generally  not  difficult  to  do  and  con   always  be  attained 
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by  using  a  multiplex  cable  lustead  of  one  single  thick  onet 
The  same  remarks  of  course  apply  to  concentric  tubular  con- 
ductorSf  whether  constructed  with  BoUd  tubes  or  with  stranded 
couductors  ;  in  any  case  a  thickness  of  metal  greater  than  half 
an  inch  should  be  avoided  for  frequencies  in  the  neighbourhood 
of  80  to  100.  Whore  higher  frequencies'  are  used  it  will  be 
easential  to  employ  conductors  of  much  less  diameter  and  thick- 
ness. Thin  iusulated  strips  of  copper  would  have  to  be  em- 
ployed for  frequencies  of  200  and  upwards  in  order  to  avoid 
serious  waste  of  material. 

§  8.  Effect  of  Alternating  Current  Flow  through  Concentric 
Cables. — In  tlie  (liHtributioiL  of  alternating  currents  by  conduc* 
tors  in  which  the  lead  and  return  are  separate  cables,  there  is 
great  risk  of  producing  inductive  disturbance  in  telephone 
and  telegraph  wires  even  at  considerable  distances.  The  only 
method  by  which  absolute  immimity  from  such  disturbance  can 
be  secured  is  by  the  employment  of  concentric  cables  in  which 
the  one  conductor  wholly  encloses  the  other.  Tbese  conductors, 
which  may  be  called  the  inner  and  outer  members,  may  be 
copper  couccntric  tubes,  or  stranded  cables  in  which  the  inner 
member  is  a  simple  strand  of  naked  copper  wires  insulated  and 
overlaid  by  an  enclosing  cylindrical  strand  which  forms  the 
outer  member.  Cables  of  this  kind  can  be  employed  with 
alternating  currents  of  any  strength  and  cannot  produce  any 
inductive  disturbance  on  other  wires,  because  there  is  no 
external  mu<^^netic  field  in  the  case  of  the  concentric  cable. 
On  the  other  hand,  such  concentric  cables  possess  very  marked 
electrostatic  capacity,  and  which  generally  seems  to  be  some- 
thing like  one-third  of  a  microfarad  per  mile  between  the  inner 
and  outer  members.  There  a^e,  in  fact,  two  capacities  to  be 
oonaidered — the  capacity  between  the  inner  and  outer  members 
or  conductors,  and  the  capacity  between  the  outer  conductor 
and  the  earth.  The  last  is  always  greater  and  sometimes 
much  greater  than  the  former.  The  capacity  between  the 
inner  and  outer  members  can  be  calculated  from  the  well- 
known  formula  for  the  electrostatic  capacity  of  two  co-axial 
cylinders.  If  Rj  is  the  radius  of  the  circular  cross-section  of 
the  exterior  of  the  inner  tube,  and  K^  is  the  radius  of  the 
cross-section  of  the  outer  tube,  then  the  electrostatic  capacity 
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for  a  leDgt.h  /  of  the  coadeoaer  formed  of  these  two  coDceatrio 
OO-axial  oylinders  is  given  by  the  formula 

R' 

2  log    tb 

where  K.  ia  the  specifio  induotive  capacity  of  the  dieleotrio 

between  the  cyliudere.     The  capacity  will  be  given  by  the 

above  in  absolute  electrostatic  units  ;  but  if  l^  K^  and  K^  are 

measured  in  centimetres  the  multiplication  of  the  above  by 

1  1 

- — — —   will   reduce  it  to  capacity  in  farads,  or  . ^  -    to 

9x  10"  ^       ^  9x10* 

microrarads.  For  eiample,  the  ratio  of  R^  to  R,  in  the  case 
of  the  ^inch  section  Ferranti  main  is  R3/R2  =  3*27,  and  the 
capacity  per  mile  run  ia  -367  microfarads,  taken  between  the 
inner  and  outer.  The  capacity  betweou  the  outer  copper  and 
the  iron  tube  is  nearly  ten  times  greater.  When  such  concentric 
cables  are  employed  for  the  trauamisaion  of  alternating  currents 
peculiar  electa  of  rise  of  electric  pressure  often  make  them- 
selves felt  which  depend  on  the  fact  oi  the  sensible  capacity 
of  the  mains.  In  fact,  concentric  cables  behave  very  much 
as  if  they  consisted  of  a  pair  of  non-capacious  mains,  or  mains 
without  capacity,  bridged  across  by  a  condenser  or  condensers. 
The  combination  and  reaction  of  this  capacity  on  the  self 
induction  of  the  generating  apparatus  and  the  reaction  of  the 
condenser  back-electromotive  force  on  the  tield-magnets  of  the 
generator  produce  eftects  peculiar  to  the  case,  which  need  to 
be  understood  by  those  concerned  in  dealing  with  such  systems 
of  conductors.  In  order  to  understand  the  nature  of  these 
efifeots  it  is  necessary  to  examine  the  peculiarities  of  the  current 
flow  in  the  simplest  possible  case,  tix.,  when  an  alternator 
aots  through  an  inductive  line,  or  is  connected  to  a  pair  of 
leads  which  we  shall  primarily  suppose  to  be  without  capacity 
but  whioh  possess  resistance  and  self-induction  and  which  are 
joined  across  by  a  condenser  of  known  capacity  shunted  by  an 
inductive  resistance.  We  may  then  pass  on  to  consider  the 
nature  of  similar  effects  when  the  capacity  is  supplied  by  a 
concentric  cable  connected  to  any  alternator  or  trauhtbrmer."* 

*  These  probLeoia  h«To  been  treated  by  KwmetricAl  methoda  by  Mr. 
Bkkflsloy  in  his  book  on  "Alt«matiDg  Currcnt««"  to  which  we  refer 
the  reader. 
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Let  A  (Fig.  12)  be  an  alternator  connected  to  an  inductive 
circuit,  a  6/,  of  which  the  section  a  b  has  inductance  L  and 
resistance  R,  and  the  section  hf  has  inductance  I  and  resist- 
ance r.  At  6  let  a  condenser  of  capacity  C  be  inserted,  and 
let  the  terminals,  e^  </,  and  /  of  the  liue,  condenser,  and  alter- 
nator be  to  earth. 

Let  to  be  the  potential  at  a  at  any  instant,  and  v,  that  at  &  ; 
and  let  Vq,  V^i  be  the  maximum  values  of  these  poteutialsp 
supposed  to  vary  faannonicaUy.  Let  t,  and  tj  be  the  current* 
at  any  instant  in  the  sections  of  the  line  a  &,  ///,  and  i  the 
current  flowing  into  the  condenser,  and  let  Ij,  Ij,  I,  be  the 
masjmnm  values  of  the  same.  Under  these  circumstances  wo 
proceed  in  the  first  place  to  investigate  analytically  what  are 


Fio.12. 

the  relative  values  of  V(,  and  Vj,  or  their  ratio  to  one  another* 
We  have  always,  by  the  principle  of  continuity, 

t*i-«  +  t2 (1); 

also,  at  any  instant  i  =  C  — -1- (2) ; 

wxd  by  the  usual  current  equation 

l^^+Ti,=v, (3); 

at 

but  we  may  write,  aa  the  currents  are  simply  periodic, 

i^^l^^mpi (4); 

where  p=  2  r  n,  Ji  being  the  frequency  of  the  periodic  current 
in  fl6,  and  t  the  time  reckoned  from  the  instant  when  the 
current  in  this  first  section  is  zero. 
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By  elimination  of  v^^  tp  aad  t  from  the  above  four  equations 
ire  find  easily  that 


f5). 


Since  t^  must  also  be  a  simple  periodic  current,  lagging  iu  phase 
behind  that  of  the  current  i\,  we  may  take  i^  to  be  of  the  form. 


1*2  =  Ij  sin  (jJt-6) 


(6). 


Henoe  by  a  differentiation  of  (6),  and  aubstitation  in  (5),  we 
arrire  at 

(1  -  CLpS)  Is  sin  {;j  (  -  ^)  +  Cr;)2  ig  COB  (p«  -  6*)  - 1,  Bin /)<  (7), 

which,   by   a   well-known   transformation   (see   LanTruif  §  17, 
Chap.  III.,  VoL  I.},  may  be  put  in  the  form, 


l5V(I-CV)*  +  <^'^7'^8inO:>^-^  +  </»)  =  IiSin^<  (8). 

Both  sides  of  this  equation  (8)  are  expressions  for  the  same 
thing — namely,  the  value  of  ii — hence  equating  coefficients, 
we  have, 


Nlj/ 

Putting  a~l  ~Clp\  and  b^Crp,  we  have, 

2 


()■- 


+  6, 


(9). 


(10). 


This  gives  us  the  ratio  of  the  maximum  or  square  root  of  the 
mean  square  values,  of  tlie  currents  in  the  two  sections  of  the 
line  on  either  side  of  the  condenser. 

It  is  convenient  next  to  shift  the  origin  of  the  time,  and 
take  the  instant  when  the  current  i^  is  aero  as  a  point  from 
whioh  to  reckon  the  time. 

Doing  this  we  can  write, 

i^^l^ninpt (11), 

and,  accordingly,  from  (10), 

»i=-Is  V^?+T«  Bin(pt  +  e); 
or  t\-Is  (a  sin/>(  +  &  coe/je)  .     .     .     (12); 

Itence,  «j- tj-Ij  (a  -  1  8inj5*  +  6  cos  pt).    .    (13); 
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but  from  (1)  and  (2) 


rfwi 


I, -» 


or 


/.  C  -rf  =  15  (a -  1  Bin pt  +  h  coa pi) i 

»,  =  — 3- (6  sin  p  i  +  1 -a  coa /*<)     ,     . 
Cp 

I 


We  have  next  to  find  the  value  of  V^.    We  aee  that 


(14); 

(15). 

(16); 


and  if  we  Bubstitute  in  (16)  the  value  of  f,  given  in  (12),  and 
of  Vj  given  in  (14),  and  intcgratOj  wo  arrive  at 

b  l~a 

but,  since  p—  =  r,  and  -jpr"  =  p^  we  get  by  proper  substitu- 
tion in  the  above  equation,  and  by  the  application  of  the  rule 
for  hannoniu  maxima,  the  equation, 

Vo=.  -^    V(AS  +  B^)(a='  +  6^)  +  2B6-2Aa+  1     (17> 

Inhere 

A  =  1  -  Chjp^i  a  -  IClp^i 

B  =  CB.p;  h  -Cr;>, 

Equations  (15)  and  (17)  give  us  the  values  of  the  maximum 
or  mean  potentials  at  the  generator  and  condenser  eud  of  the 
line  a  6.  If  we  divide  equation  (17)  by  equation  (15),  we  get 
A  value  for  the  ratio  of  Vq  to  Vj.  A  little  tedious  process  of 
division  and  substitution  brings  us  tinally  to  the  reqtiired 
result,  which  is, 


;-;.7<...B.).„-,c«s±e;=.i^,.^„«, 


This  last  equation  furnishes  us  with  the  required  result,  vis., 
the  ratio  of  the  maximum  or  mean  ])otentiiv1s  at  the  ends  of 
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the  inductive  line  a  6  in  terms  of  the  coefBcienta  of  induotance, 
capacity,  and  resistance. 

Given  Y^,  it  enables  us  to  calculate  Vj,  and  to  say  whether 
Y]  is  greater  than,  less  than,  or  equal  to  Vq. 

Let  us  examine  some  particular  cases.  Suppose  r*+/r^-»oo 
— >that  isi  suppose  the  section  of  the  line  beyond  the  condenser 
removed — then 


n/A'  +  B2  =  J(i-C  LyO-  +  C''  R2i?2 


(19). 


This  reduced  case  was  treated  by  Dr.  Hopkinson  long  ago,  * 
and  he  showed,  as  we  can  easily  see,  that  it  is  possible  for  the 
ratio  of  V^  to  V|  to  be  less  than  unity — that  is,  for  the  potential 
at  the  receiving  end«  or  at  the  condenser,  to  be  greater  than  the 
potential  at  the  sending  end  ;  for  it  is  evident  that  for  certain 
particular  values  of  the  quantities  Chp^  and  C*K*/>^  the 
value  of  the  quantity  under  the  radicle  in  equation  (19)  maybe 
a  proper  fraction.  When  this  is  the  case  its  square  root  will  also 
be  a  proper  fraction,  and  hence  Vj  will  be  greater  than  Vg. 

Equation  (19),  giving  ua  the  ratio  between  the  potential 
difference  at  the  terminals  of  the  alternator  and  the  condenser, 
may  be  directly  obtained  by  an  analytical  process  of  a  simple 
character,  instead  of  by  a  process  of  reduction  from  a  mere 
genenil  case  of  a  shunted  condenser.  In  considering  the  re- 
duced ca«e  we  may  proceed  thoa : — As  before,  let  Vo  and  Vq 
stand  for  the  maximum  and  instantaneous  values  of  the  poten- 
tial difference  at  the  poles  of  the  alternator;  let  V|  and  Vg  be 
the  same  quantities  at  the  terminals-  of  the  condenser ;  and  let 
I  and  i  be  the  same  for  the  current  flowing  into  the  condenser 
having  a  capacity  C,  whilst  the  line  connecting  the  condenser 
with  the  alternator  has  an  inductance  L  and  a  resistance  R. 
We  have  then,  by  fundamental  equations,  the  following  rela- 
tions : — 

The  value  of  the  instantaneous  potential  difference  v^  at  the 
terminals  of  the  condenser  is  obtained  from  the  instantaneous 
value  of  the  current  flowing  into  it  by  the  relation 


hh 


dt 


'\ 


(20). 


I  *  S«e  Proetediivft  of  tko  InHiUition  ^  £Uctncal  Siiffinccn  for  1884, 

^^  pftge  613. 
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Also,  the  value  of  the  current  i  is  given  hj  the  fuudamentAl 
equation 


L^'  +  R.-ro-.i 


Hence  we  hare 


ii^^^'o! 


idt  =  v^  ,    , 


Consider  t  to  be  a  sine  function  in  form,  so  that 

Thea  by  differentiation  and  substitution  we  have 

hpi  cos  p  t  +  B.l&in  pt  -  —  cos  pt^VQ^ 


(21). 
(22). 

(23). 


or 


/L/j  -  4- )^oo*;''  +  Rl8in;?««=Vo  •     ^24)  ; 


which  by  the  usual  transformation  (see  Lemina,  §  17,  Chap.  III.^ 
Vol.  I.),  becomes 


1  ^(^hp-  l.y  +  RUm  (pt-e)  =  v,   .    (25). 

Hence  the  maximum   value  of  vq,  viz.,  Vq,  is  given  by  tho 
eqviation, 


Vo-j7-s/(l-CLp«)''  +  C^RV 


(26), 


But  from  equations  (20)  and  (23),  we  have  also,  by  substtta- 

tion  and  integration,  that  Vj  = Hence,  by  substitution  of 

Cp 

this  last,  in  equation  (26),  we  arrive  at 


Vo-Vj^(l-CLp2)8  +  c«R«7.«     .     .     (27), 

which  is  equation  (19)  before  obtained.  Ou  looking  at  this 
equation  we  see  that  the  effect  of  inserting  the  condenser  across 
the  poles  of  the  altemator  is  first  algebraically  equivalent  to 
reducing  the  inductance  of  the  whole  circuit  of  the  armature  ; 
and  we  may  say  that  a  condenser  of  capacity  C,  when  traversed 
by  periodic  condenser  currents  of  frequency  n,  acts  in  any 

circuit  as  equivalent  to  an  impedance  of  magnitude  -— .     It 


Fats  ocrrsnt  eleotrio  station's. 


379 


also  acts  as  if  it  had  a  negative  inductance  equal  to 


Cp2' 


where 


|),  as  usual,  stands  for  Sirti.    By  a  negative  inductance— — - 

moat  be  understood  a  power  of  nullifying  positive  inductance 
in  a  conductor  iu  series  with  the  condenser  numerically  to  the 

amount  of henries,     Suppoee,  then,  that  a  condenser  of 

capacity  C  is  placed  in  scries  with  an  inductive  rosistanco  of 
inductance  L  and  resistance  R,  and  a  periodic  potential  difference 
equal  to  Vq  permitted  to  act  on  the  two  in  scries.    The  resultant 

inductance  of  the  whole  circuit  is  L- ,  and  the  resultant 

impedance  is 


\/«'+(^-uVO^^- 


Hcuce  the  correut  through  the  condenser  is  equal  to 

v.. 


k 


If  the  potential  difference  of  the  two  sides  of  the  condenser  is 
called  V^,  and  the  equivalent  impedance  of  the  condenser  is 

=—,  we  may  consider  that  the  value  of  V,  is  obtained  by  taking 

the  product  of  this  so-called  impedance  of  the  condenser,  -— ,  and 

Cp 

the  value  of  the  current  flowing  through  it.     Hence  we  have, 

V.  1    . 

c-p' 


Vi- 


y^^-^(^-^)v 


but  this  ia  the  same  expression  as  that  deduced  before,  In 
equation  (27),  fur  the  ratio  of  V|  and  Vq.  Thus  the  equation 
for  the  ratio  of  the  pressures  may  be  regarded  as  being  built 
up  on  the  assumption  that  a  condenser  behaves  towards  alter- 
nating currents  as  an  impedance  causing  fall  of  potential  iu  a 
current  passing  through  it,  and  capable  of  nullifying  inductance 
in  a  oirouit  connected  in  series  with  it ;  and  such  a  view  le&dtt 
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to  an  equation  from  which  it  is  immediately  seen  that  under 
Bome  conditions  Vj  muat  be  greater  than  Vq.* 

We  may  regard  a  condenser,  when  subjected  to  poriodic 
currents,  aa  a  non-diaaipative  impedance,  if  the  term  may  be 
allowed,  having  a  negative  self-induction.  A  coadenaer  allows 
a  flux  of  electricity  to  take  place  backwards  and  forwards 
through  its  dielectric,  and,  aa  far  as  alternating  currents  are 
ooncemed,  it  may  be  said  to  have  a  conductivity  for  electricity. 

*  Mr.  O.  Heayiiide  points  out  (in  a  private  letUr)  that,  if  a  oond^OMr 
bM  ft  true  dielectric  CQnductivity  K,  and  a  capiMjity,  or  permilUace,  ««  hm 
caLiB  it,  C,  then  for  simple  periodic  curreoU  of  frequeDCj  n—pl2ir  the 
condeiuer  acta  aa  if  it  were  a  cell  of  reBuCanco  B'  and  ioductauce  L',  where 
K  _.  ,.         -C 


R-^  "^    ^  and  L' 


K*  +  crJpa 


The  redprocftl  of  the  impedance  of  the  condenser,  which  he  calU   the 
"admittance,"  in  (R''+p^L'"-)-l  =  {K'  +  C»p')*.     Hence,  for  ooili  and  oob- 


ve  have  tba  following  qualitieB,  which  are  analogous  ; — 
Coils  have  Cundensers  have 

JUsistance  R.  C<niduct'inct  K. 

Inductance  L.  PcrtnitUinct  C. 

Impedance  (R-+;)*L')*.  AdvutUuict:  (K-+>j*C*)*. 

For  condensers  having  no  aensible  true  conductance  (perfect  condenser*) 

I  1 

K^O.and  the  inductance  becomes  - — :>  and  the  impedance — .aastated 

Cj>^  Cp 

in  the  text.     These  statementA  are  obviuUKlj  cnnseiiunu-ca  deducible  from 

the  pair  of  fundamental  differential  equntiona  i>jv  "  iaducure  "  and  "  per- 

luittive  "  circuits,  via. : — 

Lli  +  Ri=r, 
at 


and 


a  t 


whence  everything  else  te  deduced.  For  further  conceptions  on  reriatanoe 
and  conduclanco  oitoratora,  the  reader  is  referr&l  to  a  Paper  by  Mr. 
Meaviside  in  the  PUU^ttophical  MnfjaziMc  for  Deceml>er,  1887,  The  term 
"impedance"  has  nuw  become  absorbed  ioto  ptiu:tical  iieience.  If  at  any 
future  time  alternating  currents  of  very  high  frequency  become  employed 
in  doctro-tcchnicAl  work,  the  capacity  elTcctA  of  circuits  will  moke  them- 
•elveii  more  evident  to  the  practical  man,  and  then  the  quantt^  above 
calletl  the  "adinittanee"  will  be  forced  into  notice,  and  become  a  candidate 
for  notice  and  for  name.  When  working  at  very  slow  altemationa,  tho 
ruiitancc  of  Lhe  circuit  is  its  most  important  quality.  At  higher  oltema- 
tions  the  iwlucUnwc  forces  itself  into  view,  and  at  higher  still  the  capacity 
can  by  no  means  be  ignored. 
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I 


I 


It  is  very  eaay  to  state  the  coaditioos  under  which  this  is  the 
case.  In  order  that  V^  shall  be  greater  than  Vq,  or  that  there 
may  be  a  rise  of  pressure,  we  must  have 

V(l-CLp»)«  +  C»R2j>« 
less  than  anity :  heuce  wo  must  hare 

(l-CLp«)«  +  C«R«;5»<l. 
or  l+C»L';><-2CLjE>«<l-C3Rt^^ 

2L 


or 


C< 


R«  +  p«L* 


(28). 


If  L,  R,  and  p  are  constant,  the  value  of  C  which  makes  the 
ratio  of  V,  to  Vn  a  maximum  is 


C- 


Hence,  if  the  ca()acity,  C,  of  the  condenser,  measured  in  farads, 
is  Um  than  the  quotient  obtaiiied  by  dividing  twice  the 
inductance  of  the  lino,  L,  measured  in  henries,  by  the  square  of 
tlie  impedance  (R^+^^  L'*),  we  shall,  under  these  circumstances, 
find  a  rise  in  pressure  at  the  condenser  end.  For  example, 
suppose  the  yalue  of  n  or  the  frequency  is  67,  then  p  =  421, 
and  2>2- 177,241,  If  R  =  l  ohm,  and  Ii  =  'l  henry,  then 
R2+p2L*=  1,773,  and  there  ought  to  be  a  rise  in  pressure  if  C 
is  greater  than  112  microfarads  )  or,  if  R  » 1  ohm,  and  L  » 100 
henries,  then  ^-^p^  \J  =  1,772,410,000,  and  there  ought  to  be 
a  rise  in  pressure  if  C  is  greater  than  one-eighth  of  a  microfarad. 
Generally  speaking,  the  greater  L,  the  less  will  be  the  critical 
value  of  C.  For  high  frequencies  the  criterion  of  rise  of 
pressure  at  the  condenser  end  is 

2 


C< 


Lp» 


That  is  to  say,  the  critical  capacity  is  just  twice  that  which 
win  at  the  given  periodicity  nullify  the  inductance  of  the 
armature  circuit.  It  is  worth  while  to  note  that  oven  if  the 
criterion  for  rise  of  pressure  at  the  condenser  end  is  fulfilled  by 
L,  R,  C,  and  jo,  yet,  as  seen  from  equation  (18),  a  sufficiently 
small  impedance  (  ^i^+jd' /*)  in  the  shimt  may  nullify  the 
effect  and  force  V^  to  bo  less  than  V^. 
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These   condenser  tffetU^   as   they   may  be   called,  are  very 

strikingly  shown  when  currents  of  high  frequency  are  used. 
Quite  recently,  Mr.  Nikola  Teahi  has  published  some  interesting 
observations  and  experimenta  on  alternating  currents  with  the 
vory  high  frequencies  of  10,000  to  20,000  alternations  per 
seoondi*  and  amongst  these  he  has  described  an  experiment 
with  a  condenser  joined  across  the  poles  of  such  an  alternator. 
A  machine  was  used  giving  about  20,000  alternations  per 
second.  Two  bare  wires  about  20  feet  in  length  were  attached 
to  the  polos,  and  their  ends  connected  to  the  terminals  of  a 
condenser.  The  difference  of  potential  between  parallel  pointa 
on  these  wires  was  explored  by  a  voltmeter,  and  it  was  found 
that  the  potential  ditTerence  of  parallel  pointa  on  the  wiree 
steadily  rose  inch  by  inch  from  Go  volts  at  the  terminals  of  the 
alternator  to  120  volta  at  the  termiuala  of  the  condenser;  and 
the  writer  states  that  observations  on  the  self-induotiou  of  the 
armature  in  its  position  of  maximum  and  minimum  inductaaoe 
showed  that  the  capacity  which  gave  the  greatest  rise  at  the 
condenser  end  correspond  apparently  to  that  which  would  about 
nullify  the  mean  self-induction  calculated  from  tliu  observed 
maximum  and  minimum.  This  entirely  corresponds  to  the 
above  theoretical   deductiou. 

The  fact  that  when  a  condenser  is  thus  charged  by  an 
alternating-current  machine  its  terminal  potential  difference 
may  be  vory  much  greater  than  that  of  the  machine  terminals, 
at  similar  speeds  and  excitation,  but  with  the  condenser 
removed,  appears  to  have  been  noticed  experimentally  prior  to 
the  time  when  the  simplest  case  was  mathematically  treated 
by  Dr.  Hopkinson.  In  the  Paper  of  the  latter  above  referred 
to,  it  is  mentioned  that  Dr.  Muirhead  had  observed  it  experi- 
mentally. In  the  discussion  which  followed  Dr.  Hopkiusuirci 
paper  Mr.  Blakesley  dealt  with  the  same  matter  in  some 
geometrical  diagrams,  and  Prof.  Ayrtou  mentioned  that  in  1878 
or  1879  Mr.  Munro  took  out  a  patent  for  the  use  of  coudenBers 
in  combination  with  an  alternate-current  machine. 

§  9.  Diagram  of  Electromotive  Forces. — The  problem  just 
treated  analytically  may  be  solved  by  geometrical  methods  bj 


See  EUctrician^  March  6,  1891,  p.  549. 
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employing  the  clock-diagrams  of  electromotive  forces  aa  used 
by  Mr.  Blakesley,  Mr.  Kapp,  and  the  author  in  the  first  volume 
of  this  work. 

In  such  diagrams  we  take  lines  drawn  radially  in  different 
positions  from  a  centro  0  to  represent  the  maximum  values 
and  relative  phases  of  varioua  electromotive  forces.  If  such  a 
diagram  of  lines  ia  considered  to  revolve  round  a  common 
central  point,  the  projection  of  these  radial  lines  on  any  dia- 
meter or  line  drawn  through  that  centre  will  represent  the 
instantaneous  values  of  these  electromotive  forces.  We  proceed 
to  draw  such  diagrams  for  the  ciise  of  a  generator  yielding  a 
simple  periodio  eleotromotive  force  acting  on  circaite  of  various 
kinds. 

It  will  be  advantageous  to  consider,  as  a  preliminary,  the 
simpler  cases  first,  in  which  the  poles  of  the  alternator  are 
closed  by  (1),  an  inductive  circuit  having  no  capacity;  (2),  by 
a  condenser  with  no  self-induction  in  series  with  it;  (3),  by  a 
condenser  in  aeries  with  an  inductive  line,  and  then  to  discuss 
the  complete  probiepn  ;  (4),  of  a  condenser  shunted  by  an  in- 
ductive shunt  and  in  series  with  an  inductive  charging  circuit. 

We  may  refer  the  rcailer  in  this  connection  to  a  series  of  clear 
elementary  papers  by  Mr.  Kapp  on  this  matter,  published  in 
The  Electrician,  Vol,  XXVI.,  pp.  197  and  229.  Mr.  Kapp 
fihows  how  electromotive  force  diagrams  may  be  drawn  for  a 
great  number  of  cases,  starting  from  three  simple  rules  : 

(i.)  That  component  of  the  impressed  electromotive  force 
required  to  overcome  resistance  is  in  synchronism  or  in  step 
with  the  current  as  regards  phase. 

(ii.)  That  component  of  the  impressed  electromotive  force 
required  to  overcome  self-induction  ia  a  quarter  of  a  period  in 
advance  of  the  current  in  phase. 

(iii.)  That  component  of  the  impressed  electromotive  force 
which  is  necessary  to  overcome  the  counter  electromotive  force 
of  the  condenser  is  a  quarter  of  a  period  behind  the  current 
as  regards  phase. 

To  draw  the  clock-diagram  of  electromotive  forces  for  the 
first  case,  take  any  line  OR  {set  Fig.  13)  to  represent  the 
maximum  value  of  the  resultant  tUctromoiicf  force  in  aa  induc- 
tive circuit  LR,  joining  the  poles  of  the  alternator  A.  We 
shall  suppose  the  alternator  armature  to  have  negligible  self- 


334 


ALTBRNATB    CtTBREXT  KLECTRIC   STATIONS, 


inductian  and  resistance  in  its  armature.  This  resultant 
electromotive  force  is  that  which  has  elsewhere  been  called  the- 
effective  eUctromotive  force  in  the  circuit ;  it  is  numerically 
equal  to  the  product  of  the  true  reaiataace  R  of  the  inductiro^ 
circuit  and  the  current  I  (maximum  value)  flowing  in  it. 

The  resultant  electromotive  force  R  I,  as  represented  by  the 
line  0  R  in  the  diagram,  is  the  resultant  of  two  other  electro- 
motive forces,  viz.,  of  the  back  or  counter  electromotive  force 
of  self-induction,  which  is  numerically  equal  to  Lp  I,  and  which 
is  in  phase  90deg.  behind  the  result&ut  electromotive  force, 
and  the  impressed  electromotive  force  acting  in  the  armature 
of  the  alternator}  and  which  we  shall  represent  by  Y^  (maxi- 
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mam  value).  Hence,  to  represent  Vq,  draw  a  line  0  L  from  O 
and  at  right  angles  to  0  R,  and  numerically  equal  to  the 
quantity  Ljpl.  From  R  draw  RV.parallel  and  equal  to  OL, 
and  join  0  V.  Then  0  V  will  represent  in  relative  phase  and 
magnitude  the  value  of  Vq  or  the  impre&sed  electromotive 
force,  which,  acting  in  the  armature  circuit  will  send  the  cur- 
rent I  through  the  inductive  circuit  of  impedance  ^R^  +  L^^. 
For  0  R  is  the  resultant  of  0  V  and  0  L,  and  the  diagram 
shows  us  that  the  resiiltant  electromotive  force  and  therefore 
also  the  current  la^s  in  phase  behind  the  impressed  electro- 
motive force. 

The  second  case^  viz.,  the  diagram  of  electromotive  forces  for 
a  condenser  in  series  with  a  non-inductive  resistance,  is  oon- 
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structed  as  follows: — Let  OR  (Fig.  14)  as  before  represent 
the  resultant  electromotive  force  in  the  non-inductive  circuit, 
that  is,  let  0  R  be  numerically  equal  to  the  product  R I  of  the 
resistance  R  of  the  circuit  and  the  current  I  flowing  in  it. 
Tlie  condenser  exerts  an  electromotive  force  in  the  circuit, 
which  must  be  represented  by  a  line  OC  drawn  in  advance 
of  0  R  and  at  right  angles  to  it.  It  is  obvious  that  this  must 
be  the  case,  because  the  potential  difference  of  the  plates  of 
the  condenser  comes  to  a  maximum  one  way  or  the  other  at  the 
instant  when  the  current  flowing  into  or  out  of  the  condenser 
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ia  zero ;  also  when  the  current  is  beginning  to  flow  into  the 
condenser  and  just  rising  beyond  zero  the  potential  difference 
of  the  plates  of  the  condenser  is  such  aa  to  assist  the  current 
flowing  through  the  dielectric  of  the  condenser.  Hence  the 
line  0  C,  representing  the  electromotive  force  due  to  the  con- 
denser charge,  must  be  drawn  at  right  angles  to  OR  and 
90deg.  in  advance  of  it  Then  draw  from  R  a  line  R  V  parallel 
and  equal  to  OC,  and  join  O  V.  O  V  will  represent  Vq,  or  the 
impresaed  electromotive  force  of  the  alternator,  by  the  har- 
monic variation  of  which  the  current  I  will  be  sent  through 

00 
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the  condenser.  We  see  th&t  V^  is  in  advance  of  the  resultant 
electromotive  force  OR,  and  therefore  of  the  current  I,  in 
phase. 

The  third  case  of  the  diagram  of  electromotive  forces  for  the 
condenser  in  series  with  an  inductive  resistance  is  easily  seen 
to  be  08  follows  : — Take  0  R  (Fig.  16),  as  before,  to  represent 
the  resultant  electromotive  force  in  the  circuit ;  0  R  is  nanae- 
ric&lly  equal  to  the  product  of  the  ohmic  resistance  R  of  the 
circuit  and  the  maximum  current  I  flowing  in  it.  Erect  a  line 
at  0  at  right  angles  to  0  R,  and  set  ofl"  0  C  90deg.  in  advayice 
of  0  R  and  representing  the  potential  difference  of  the  plates  of 
the  condenser,  whose  capacity  is  C,  and  O  L  in  arrear  of  O  R, 
xepreseutiDg  the  couuter-eleotromotive  force  L^I  in  the  induo- 
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tive  circuit.     The  magnitude  of  OC  is  obtained  when  we  knoi 
the  value  of  I. 

On  a  previous  page  wo  have  shown  from  equations  (20)and(23) 
(pages  377,  378),  that  the  maximum  value  Vj  of  the  condenser 

plate  potential  difference  is  equal  to  — — .     Henoei  OC  must  he 

made  equal  to on  the  same  scale  that  0  R  is  made  equal 

Cp 

to  R  I.     We  have  then  to  Bnd  a  line  representing  the  maximum 

value  of  the  impressed  electromotive  force  V^  in  phase  and 

magnitude,  and  such  that  R  I  is  the  resultant  of  V^,  L^  I,  and 

_L  .     To  obtain  this  line,  draw  R  V  parallel  to  C  L  and  equal 

Cp 

to  0  C — 0  L,  that  is,  make  R  H  equal  to  0  L,  and  H  V  equal  to 


^SL 


ALTERNATE   CDRRENT   ELECTRIC   STATIONS. 


387 


O  C  ;  join  0  V,  and  O  V  will  represent  in  phase  and  magnitude 
the  impresaed  electromotive  force  V^  which  will  maintain  the 
current  I  through  the  condenser. 

Whether  0  V,  that  is  Vg,  will  bo  in  advance  or  in  arrear  as 
regards  phase  of  the  resultant  electromotive  force  0  R,  and 
therefore  of  the  current  I^  will  depend  on  the  relative  magni- 


tudes of  O  C  or  -—  and  0  L  or  L;?  I. 


If  OC«OL,  then  the 


impresBed  electromotive  force  will  bo  in  synchronism  with  the 

current,  and  this  happens  when  — —  =»  L^  or  when  C  L^  =  1. 

Cjo 

The  diagram  shows  us  at  once  that  the  impressed  electro- 
motive force  Vo  =  0  V  of  the  dynamo  may  be  less  than  equal 
to  or  greater  than  the  pressure,  Vj  =  OC,  at  the  temiinals 
of  the  condenser ;  and  that  this  is  determined  by  whether 
the  length  of  the  line,  OV-  VO R^ -I- V  R*-',  is  greater  or  less 


-^   -  L// 1,  and 
Cp 


than  OC.      We  see   that  VR-OC-OL- 
hence  that  0  V  is  equal  to  the  square  root  of 

Hence  the  maximum  value  of  the  charging  ourrent,  I,  is  given 
by  the  equation 

AlsOi  we  have  the  same  quantity  given  by  the  relation  I  —  OpV^; 
hence  the  ratio  of  Vg  to  Vj  is  given  by  the  value  of  the  quantity 

^/(l-CL;7»)a  +  C2RSp^  as  we  have  already  seen.  The  clook- 
diagram  has  the  advantage  that  it  shows  us  at  once  the  various 
lags,  and  gives  explicitly  to  the  eye  a  proof  that  a  gradual  in- 
crease in  the  value  of  the  inductance,  L,  from  zero  upwards  is 
accompanied  by  a  progressive  decrease  in  the  value  of  the 
impressed  electromotive  force  Vq,  of  the  dynamo,  as  compared 
with  the  terminal  pressure,  V,,  at  the  condenser. 

Also  we  can  from  the  diagram  determine  the  conditions  under 
which  the  ratio  of  the  potential  difference  V^  at  the  terminals 
•of  the  condenser  to  the  impressed  electromotive  force  of  the 
4kltemator  ts  a  maximum.     In  other  words  find  when  the  rise 

cc2 
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of  pressure  is  a  maximum,  for  if  we  refer  to  the  diagram  ia 
Fig.  15  we  see  that 

HV^sm  HOV. 

OV     aiuOHV' 

but  since  the  angle  O  H  V  is  independent  of  the  value  of  the 
capacity  C,  this  ratio  is  a  maximum  when  the  capacity  of  the 
condenser  has  such  a  value  as  to  make  the  angle  Ii  0  V  a  right 
angle.    Houce  H  V,  which  represeuta  the  potential  dilfercnce  at 
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the  terminals  of  the  condenser,  has  its  maximum  ratio  to  0  V, 
which  represents  the  impressed  electrnmotive  force  of  the 
alternator,  when  the  line  0  V  is  at  right  angles  to  0  H.  When 
this  is  the  case  the  two  triangles  HOV,  LOR  {see  Fig.  16)  are 
both  right  angled,  and  similar  triangles;  therefore  we  must 

have 

OL  _^  OH. 

LR  "  HV' 
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or 


or 


This  last  line  of  reasoning  briuj^  us  therefore  to  the  same  con- 
clusion as  that  in  equation  (28)  deduced  by  analytical  reasoning. 

We  now  pMS  on  to  consider,  by  the  help  of  the  foregoing, 
the  general  case  of  a  condenser  aliuuted  by  an  inductive  shunt. 
Let  r  and  I  be  the  resistance  and  inductance  of  the  condenaer 
shunt,  and  K  and  L  that  of  the  first  section  of  the  line,  and  let 
C  be  the  condenser  capacity.  Take  any  line  0  R  {see  Fig.  17) 
to  represent  the  product  of  the  resistance  R  and  the  current 
flowing  into  the  condenser  I,  that  is,  let  O  R  represent  R  I. 
Draw  0  C  at  right  angles  to  O  R,  and  in  magnitude  equal  to 

— —  Then  0  C  represents  the  potential  difference  of  the  con- 
denser plates.  On  O  C  describe  a  semicircle,  and  set  off  0  B  in 
such  a  direction  that  C  B  is  to  0  B  in  the  ratio  of  j)  /  to  r. 
Then  on  the  same  scale  on  which  0  C  represents  the  potential 
di^ercnce  at  the  terminals  of  the  condenser,  that  is,  the  im- 
pressed electromotive  force  in  the  shunt  circuit,  0  B  will 
represent  the  resultant  or  effective  electromotive  force,  that  is, 
it  will  represent  the  product  r  1^,  and  C  B  will  represent  Ip  l^ 
Again,  divide  0  B  in  P  so  that  OP  is  to  O B  as  R  is  to  r,  then 
O  P  will  represent  in  phase  and  magnitude  R  I^.  Hence  we 
have  O  R  representing  R  I,  and  O  P  representing  R I^.  If  we 
join  P  R,  it  is  easy  to  see  that  this  line  must  represeut  in  phase 
and  magnitude  R  Tj.  For  then  the  sides  of  the  triangle  0  P  R 
are  proportional  in  magnitude  respectively  to  I,  I,,  and  Ij,  and 
at  any  instant  the  projections  of  these  three  sides  on  any  line 
through  0  will  represent  the  instantaneous  values  of  i",  tj,  and  *j, 
^^  and  the  sum  of  any  two  of  the  projections  will  always  be  equal 
^^1  to  the  third.  Hence  the  projections  of  I,  I^,  and  I,  fulfil  the 
J^^        conditions  required  by  the  principle  of  continuity,  viz. :  that 

[ the  algebraic  sum  of  the  currents  at  any  junction  shall  be  zero ; 

^^L        nncc  there  can  be  no  accumulation  of  electricity. 

^^B  If,  then,  we  draw  0  A  parallel  and  equal  to  PR,  0  A  will 
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or  the  effective  electromotive  force  in  the  main  line.  On  O  A 
describe  a  right-angled  triangle  0  A  L,  such  that  0  A  is  to  A  L 
as  U  IB  to  Lp.  Then  0  L  represents  the  impreaaed  electro- 
motive force  ia  the  first  sectioa  of  the  line.     Join  CL^   and 


L  R 
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draw  OV  parallel  and  equal  to  CL,  then  OV  represents  the 
electromotive  force  of  the  alternator.  For  since  the  impressed 
electromotive  force  in  the  first  sectioa  of  the  line  is  equal  to 
the  difference  between  the  electromotive  force  of  the  alternator 
and  the  potential  difference  of  the  condenser  plates,  it  must  be 
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represented  by  O  L  when  0  tria^tUe  resultant  of  0  V  and  0  C. 
Heuce,  O  V  represents  in  phase  and  magnitude  the  maximum 
value  Yq  of  the  electromotive  force  of  the  alternator  on  the 
same  scale  on  which  the  line  0  C  represents  the  maximum 

value  of  the  potential  dififercnoe  or  Vj  at  the  plates  of  the 

Cp 

condenserf  and  on  which  OR,  PR  and  0  P  represent  R-times 
the  value  of  the  maximum  values  of  the  currents  respectively 
into  the  condenser  and  those  flowing  in  the  first  and  second 
sections  of  the  line. 

Knowing    that    OC  — — -  =  Ij  N/r*+^^  ^=*,   and  also  seting 
Cp 

that  the  relation 

is  evident  from  the  geometry  of  the  figure,  the  student  will 
have  no  difficulty  in  deducing  from  Fig.  17  also  the  equation 
(10)  on  page  375 

and  also  the  equation  (18)  on  page  376  for  the  ratio  of  Vq  to 
Vj.  A  careful  examination  of  the  diagram  in  Fig.  17  will 
show  that  under  some  conditions  the  current  I^  cau  be  greater 
than  the  current  Ij,  that  is^  tliere  can  be  an  upward  trans- 
formation of  current,  and  also  that  0  V  can,  under  some 
conditions,  be  leas  than  0  C,  or  V^j  less  than  Vj.  These  and 
many  other  facts  relating  to  the  relative  values  of  the  currents 

tin  the  main  and  shunt  sections  of  the  line,  and  the  potential 
difiference  of  the  condenser  plates  as  compared  with  the  im- 
pressed electromotive  force  of  the  alternator,  cau  be  made  out 
from  the  diagram,  but  must  be  left  to  the  reader  to  discuss. 
In  his  book  on  "  Alternating  Currents,"  p.  55  (2nd  edition,) 
Mr.  Blakeslcy  has  treated  by  his  geometrical  metUods  the  case 
examined  above,  with  the  object  of  showing  that  the  Gmi>1oy- 
ment  of  a  condenser  in  this  manner  in  combination  with  a  pair 
of  inductive  circuits  may  under  certain  conditions  cause  the 
current  in  the  remote,  or  shunt,  circuit  to  be  greater  than  the 
current  in  the  circuit  in  connection  with  the  machine;  and  he 
shows  there  that  a  similar  criterion  to  the  one  given  above 
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applies   also  to   the   relative   correutrstrengths    in   the    two 

sections — viz.,  that  the  current  I^  in  section  6 /will  be  greater 

2  / 
than  the  curreut  I.  in  section  a  6  if  C  is  less  than  —= -—:. 

In  a  later  chapter  we  shall  point  out  a  practical  application 
of  the  condenser  to  annul  the  disadvantages  which  an  open 
magnetic  circuit  transformer  possesses  of  taking  a  large  mague-, 
tisiug  curreut,  based  upon  the  power  of  a  condenser  to  thus^ 
increase  the  curreut  in  one  section  of  an  inductive  line. 

Hence,  taking  the  two  separate  cases  of  a  simple  oondenaer 
and  a  shunted  condenser,  we  see  that  the  maximum  or  mean 
potential  V^  at  the  terminals  of  the  condenser  will  be  less  than, 
equal  to,  or  greater  than  the  maximum  or  mean  potential  at 
the  terminals  of  the  machine  Vg,  according  as  the  capacity,  C, 
of  the  condenser  is  g^reater  than,  erjual  to,  or  less  than  the 

quantity,  — -,  in  numerical  value  ;   and  also  that  the 

R*  +/>''  L* 

maximum  or  average  current-strength  in  the  remote,  or  shunt, 

section   of   the  hue  will   be   less   than,  et.]uai  to,   or  gi'eater 

than  the  maximum  or  mean  current-strength  in  the  section  of 

the  line  near  to  the  machine,  according  as  the  capacity,  C,  of 

the  condenser  is  greater  than,  equal  to,  or  less  than  the  quan- 

21 
tity 


m 


,  .^  numerical  value.     Note  that  if  R  ia  mea- 

sured  in  ohms  and  L  in  henries,  C  must  be  measured  in  farads. 
Let  us  took  again  at  the  equatiou. 


(v'')'  =  (l-CLj'»)  +  C!R»^». 


and  note  what  are  the  conditions  under  which  Vj  will  ba 
greater  than  Vq,  or  the  pressure  at  the  condenser  end  greater 
than  the  pressure  at  the  machine  end  of  the  lino.  We  see  that 
it  depends  upon  whether  the  right-hand  expression,  when 
worked  out  numerically,  ia  a  proper  fraction.  Since  almost 
any  capacity  which  occurs  in  practice  is  numerically  repro- 
sented  by  a  very  small  fraction  when  the  farad  ia  the  unit,  if 
j^  is  not  very  g^reat  C-  IVp  will  nearly  always  in  practice  be  % 
proper  fraction  when  we  insert  values  of  0  and  E  in  farads  and 
ohms.  Hence  the  condition  of  rise  of  pressure  will  depend 
almost  always  on   whether  C  Lj»'  is  numerically  greater  than 
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2  when  C  and  L  are  measured  in  farads  and  henries  ;  and  if  C 
is  very  small,  either  L  or^  must  be  very  large  to  secure  this 
result,  and  vice  versa.  Hence,  we  are  led  to  expect  that  if  the 
inductance  of  the  machine  circuit  is  very  large,  a  comparatively 
smnll  capacity  across  its  poles  may  give  rise  to  a  very  great 
condenser  effect ;  but  if  the  inductance  of  tlie  machine  is  small, 
a  very  large  capacity  will  be  needed  to  bring  about  the  in- 
creased pressure  at  the  terminals  of  the  condenser. 

The  best  way  to  see  how  the  value  of  V,,  or  the  condenser 
potential,  varies  with  variation  of  tlie  capacity,  other  quantities 
bein^  constant,  is  to  plot  the  Ci^uiition, 


or — which  comes  to  the  same  thing,  and  Is  simpler  to  plot — the 
equation, 


J(  1  -  /)2  +  ^i 


This  has  been  done  in  Fig.  IS,  and  a  curve  reprcseiiting  the 
variatiuu  of  Vj  in  terms  of  C,  or  of  the  condcuHcr  plate  puteuttal 
difference  in  terms  of  its  capacity,  supposed  variable,  is  there 
drawn,  on  the  assumption  that  Vq,  L,  R,  and  p^  have  certain 
constant  values.  \Vc  see  that  the  curve  orilinato  has  a  maximum 
corresponding  to  a  certain  capacity,  and  that  beyond  that  point 
increase  in  capacity  continuously  diminishes  the  condenser 
plate  potential  (iiflloreuce. 

The  condenser  effect  will  be  at  a  maximum  when  C  and  L 
have  such  magnitudes  that  C  L  />^  is  unity,  and  C  has  at  tht- 
same  time  a  small  value.  In  this  case  Vj  may  be  many  times 
greater  than  Vg.  In  testing  condensers  with  alternating-cur- 
rent machines,  it  is  very  important  not  to  have  that  particular 
critical  relation  between  C,  ^,  and  L,  or  the  capacity,  fretjuency, 
and  inductance  of  the  machine,  which  will  bring  about  this 
re$07iance  effect,  or  else  the  testing  proceas  may  be  a  destructive 
process  as  far  as  the  condenser  is  coiicomod. 

We  can  also  show  that  if  the  capacity  of  the  condenser  is 
fixed,  diere  is  a  certain  range  of  inductance  of  the  circuit  of  the 
alternator  within  which  the  resonance  effect  takes  place.  For 
example,  let  C  =  *l   microfarad,   as   before,  j)^  =  273,9-47,  and 


^H 


AtTBRNATE  OTHlRByT  ELECTRIC  STATIONS. 


I 


H«"10  ohms,  then  for  the  ratio  of  V^^  to  Vj'  we  have  th» 

(l-2i3^y  +  ?!Mg^-(l-.027L)«+-27. 

.  If  L  —  0,  this  ratio  is  greater  than  unity ;  if  L  «  74,  the  ratio 
It  again  greater  than  unity ;  but  for  values  of  L  between  0  and 
74,  the  ratio  is  less  than  unity*    In  other  words,  within  these 


Fig.  la 
Cuire  plotted  from  the  equation,  y  = 

orVi= 
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limits  of  the  inductance  the  pressure  at  the  poles  of  the  con- 
denser is  raised.* 


§  10.  Practical  Confirmation  of  the  above  Theory. — The 
above  theory  i^  shown  to  be  confirmed  in  its  general  character 

*  In  applying  these  formulio  to  the  case  of  transfonnerB  connected  with 
condensers  ib  is  necessary*  tu  }>oint  out  to  the  reader  that  the  H  and  L  here 
used  are  not  the  steady  current  values  of  these  quantities,  but  their  values 
u  affected  by  the  mutual  inductance  of  the  two  coils  of  the  transformer. 
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by  the  results  of  some  highly  interesting  experiments  made 
in  April,  1890,  at  the  works  of  Messrs.  Siemens  Bros.  A 
Siemens  AVj  alternator  was  kept  running  at  a  constant 
speed  of  750  revolutions,  and  the  exciting  current  was  also 
kept  constant.  The  current  from  this  was  sent  into  the  thick- 
wire  coil  of  a  No.  2  Siemens  transformer.  The  resistance  of 
the  primary  circuit  of  this  transformer  was  O'llo  ohm,  and  that 
of  the  secondary  circuit  129  ohms.  The  terminals  of  the 
fine-wire  circuit  were  connected  to  various  lengths  of  single- 
conductor  cable,  having  gutta-percha  insulation  and  immersed 
in  a  tank  ;  the  cables  being  insulated  at  the  far  ends,  and 
forming  thus  a  condenser  attached  to  the  secondary  of  the 
transformer  {f^^  Fig.  19).  The  pressure  was  measured  at  the 
terminals  of  the  machine,  and  at  the  terminals  of  the  trans- 
former on  the  secondary,  or  condenser,  side.     The  experiments 
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Kio.  19. — The  ArranRGiueut  of  Allcriuitor.  Transformer,  an«l  Cable  in  thd 
Ex|)cnmeDts  od  CuuJutuei  ElTecUi  ma<le  at  Mes»n).  Siemens'  Wurkft,  ApHl^ 

189a 


consisted  in  varying  the  length  of  the  cable  used  so  as  to  yaiy 
the  capacity,  and  in  observing  the  pressure  at  the  two  sides  of 
the  transformer  whilst  the  dynamo  was  kept  running  at  con- 
stant speed  and  excitation.  The  results  are  embodied  in  the 
following  series  of  interesting  curves.  The  horizontal  distances 
in  the  diagrams  represent  the  various  capacities  of  the  open- 
circuit  cables  or  condenser  attached  to  the  terminals  of  the 
secondary  of  the  transformer.  The  vertical  ordinates  in  Fig.  20 
represent  the  observed  potential  difference  of  the  two  surfaces 
of  this  condenser — that  is,  the  potential  difference  at  the 
secondary  terminals  of  the  transformer. 

It  will  be  seen  from  Fig.  20  that  when  the  capacity  is  zero 
this  potential  difference  waa  2,i>00  volts.    As  the  length  of  cable 
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was  increased  continuously,  this  potential  difference  rose  up  to 
8,500  volts,  corresponding  to  a  capacity  of  '2  microfarad,  and, 
then  fell  again  to  2,500  volts,  at  a  capacity  of  "45  microfarad.' 
Hence  corresponding  to  a  certain  capacity — viz.,  '2  microfarad 
— the  pressure  in  multiplied  about  3^  times,  and  there  ia  a 
certain  narrow  range  of  capacity  over  which  this  exaltation 
of  pressure  takes  place.  At  and  beyond  ••15  microfarad 
capacity,  the  presence  of  the  condenser  reduces  the  normal 
pressure  continuously.  The  pressure  on  the  primary  aide  of 
the   transformer  is   also   increased,   as   shown   in   the   curve 


P  10 

Fio.  20. — Curves  showing  the  Variation  in  Volta|?e  in  the  Secondary  (high 
voltAge)  Circuit  of  a  Transfonuer  by  Varj'ing  tlie  Cajmcity  in  the  Sccnndary 
(higli  voluge)  Circuit,  The  exijerimeiiU  were  made  with  a  No.  2  Siemens 
transfonuor,  and  current  wm  obtained  from  a  W^  Siemens  machine, 
frequency  being  100  'X,.  The  exciliu^  current  was  kept  constant,  and 
the  alternator  was  kept  runuio^  at  750  rcvulutiou^  during  aU  the  experi- 
menta. 

given  in  Fig.  21,  which  represents  a  series  of  similar  pressure 
observations  taken   on   the  primary  side  of  the    transformer. 
It  will  be  seen  that  the  same  general  effect  takes  place  on  the 
primary  aide.     It  will  also  bo  seen  how  well  those  curves  de-, 
duced  from  observation  agree  as  regards  general  form  with  the! 
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theory  as  illustrated  by  the  curve  in  Fig.  18.  The  curves  in 
Figs.  20  and  21  are  generally  similar,  but,  if  superimposed,  will 
be  found  to  be  not  quite  so.  If  tbe  ratio  of  corresponding 
ordiuates  ia  set  olT  so  as  to  form  a  fresh  curve  (Fig.  22),  tliis 
curve  will  give  the  variation  of  change  ratio  of  the  transformer 
OorrespondiDg  to  the  various  capacities,  and  we  see  that  this 
change  ratio  is  altered  progressively  from  1 :  43  to  1 :  57,  as  the 
capacity  of  the  coudeiiBcr  on  the  secondary  is  changed  from  zero 
to  '65  microfarad.     It  is  evident,  therefore,  that  in  appljing 
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Fio.  21. — CuTTM  ihowing  the  VftrUtion  in  Volt4me  in  tbe  Primary  (low 
Tultag«)  Circuit  of  the  same  Tr&DsfDrmer  by  VArj'iug  tbe  Capftoity  in  Ihe 
Secondary  (high  voltage)  Circuit.  Tbe  experinieDts  were  made  with  a 
No.  2  truiaformer,  ami  current  was  obtoitiod  from  a  W*  Siemens  machine, 
thefrequeDcy  being  100  r\j.  The  exciting  current  vraa  kept  constant,  and 
the  alternator  was  kept  miming  at  750  revolutions  during  all  the  experi- 
meote.* 

transformers   to   teat  cable,  such   as   uoncentrio   cable,  which 
possesses  sensible  capacity,  we  must  be  on  our  guard  against 

*  The  reader  U  adnsed  to  compare  tbeae  cunos  in  Figs.  20  and  21 
with  the  curves  in  Figs.  28  and  2^  of  §  U,  Chap.  V..  Vol  I.,  in  which  » 
nmilar  effect  of  riae  of  preamire  produced  by  a  critical  capacity  in  some 
of  Dr.  Hcrtx*  experimenta  14  shown. 
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^H               thia  alteration  of  the  change  ratio  of  the  transformer,  or  elae 
^H               we  may  be  misled  as  to  the  real  pressure  being  applied   to 
^H               the  cable. 

^H                   These  considerations  point  out  that  in  applying  either  trans- 
^H                formers  or  alternators  to  circuits  which  have  capacity,  we  muBt 
^H               have  regard  to  the  fact  that  for  certain  critical  values  of  the 
^^B                inductance  and  the  capacity  for  given  frequencies,  there  may 
^H                be  a  very  considerable  increase  in  the  potential  difTerence  of  the 
^H               two  sides  of  tho  condenser  over  and  above  that  of  the  poles  of 
^^M               the  alternator  or  transformer  when  no  condenser  is  present. 
^H               Such  effects  Imve  often  been  noticed  in  practice.     It  has  been 
^H                frequently  found  that  if  a  transformer  which  gives  on  its  open 
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Fig.  22.— Curvea  ■bowing  the  Dependence  of  the  Ratio  of  Tinngformatioa 
)f  PreMure  from  Primiu-j-  to  SecontUry  Circuit  on  Capacity  of  Secondary 
•eaoltiiig  from  Figs.  4  and  5. 

econdary  circuit  a  certain  potential   diffei'ence  is  applied  to 
est  the  insulation  of  a  length  of  concentric  cable  by  connecting 
td  terminals  to  the  two  conductors,  the  far  ends  of  the  cable 
)e  insulated,  under  some  circumstances  an  increased  potential 
ifference  is  observed  between  the  free  ends  of  tho  cable  over 
nd  above  that  at  the  terminals  of  the  transformer  when  the 
able  is  not  connected  to  it.     When  transformers  have  been 
mployed  to  test  the  insulation  of  armatures  of  high-pressure  ^J 
Jtemators,  it  has  been  noticed  that  under  some  circumstanoes  ^M 
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Inge  Bnapping  sparks  will  jump  off  over  air  distances  which 
could  not  possibly  permit  discharges  at  the  actual  potential 
difference  of  the  secondary  terminals  of  the  trauaformer  so 
used  when  unconnected  with  any  such  body  having  capacity. 

In  employing  an  alternator  or  transformer  to  test  insulation 
between  two  opposed  conductors,  or  in  any  way  in  which  the 
opposed  terminals  gain  capacity,  it  ia  necessary  to  be  on  the 
watch  for  this  possible  rise  of  pressure,  and  not  to  infer, 
because  a  transformer  gives,  say,  2,000  volts  on  open  oircuiC 
between  its  poles  when  measured  with  an  electrostatic  volt- 
meter, that  therefore  this  is  the  measure  of  the  pressure  which 
ia  being  applied  to  a  dielectric  which  forms  the  insulator  of  a 
condenser  joined  in  across  the  poles  of  that  trauaformer. 

It  is  possible  that  under  some  circumstances  errors  may  be 
committed  in  the  mere  use  of  an  electrostatic  voltmeter  to 
measure  potential  difference  between  the  poles  of  an  alternator 
-or  a  transformer,  if  that  voltmeter  happens  to  possess  a  certain 
capacity  in  relation  to  the  inductance  of  the  circuit  in  which 
it  is  joined  in  piirallel. 

The  general  fjvct  which  must  be  emphasised  is  then  that 
when  a  condenser  such  as  is  formed  by  a  Buitnble  length  of 
concentric  cable  has  its  opposed  surfaces  connected  to  the  two 
poles  of  a  transformer  or  of  an  alternator  having  a  certain 
inductance  in  its  armature  in  relation  to  the  capacity  of  the 
condenser  and  the  frequency  of  the  current,  the  potential 
difference  of  the  two  surfaces  of  this  condenser  is  more  or  less 
increased  above  the  value  of  the  potential  difference  of  the  poles 
of  the  alternator  or  transfonuer  if  the  condenser  is  not  there. 
This  condenser  effect  may  be  of  such  a  degree  as  to  multiply  by 
many  times  the  normal  potential  difference  of  the  poles  of  the 
generator.  If  the  condenser  is  formed  of  a  length  of  concentric 
cable,  this  cable  acts  in  all  as  one  single  condenser.  If  the 
concentric  cable  is  open-circuited  at  the  far  end  the  potential 
difference  of  the  cable  conductors  ia  everywhere  the  same  and 
equally  raised.  If  there  is  a  current  flowing  through  the  cable 
then  there  will  be  the  usual  fall  of  volts  along  the  cable,  but 
the  potential  difference  of  the  cable  conductors  at  the  dynamo 
end  will  be  greater  than  would  be  the  dynamo  tehninals  if  the 
cable  were  absent.  Whenever  considerable  lengths  of  concentric 
cable  are  connected  to  transformers  or  to  an  alternator  of 
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sufficient  armature  self-induction,  this  rise  of  presture  or  con 
deriser  effect  will  generally  make  itself  felt,  and  oan  only  be 
annulled  by  taking  a  sufficiently  great  current  through  the 
cable.  Hence  when  distribution  systems  are  arranged  in  which 
at  the  generating  end  of  the  trunk  lines,  step-up  trausfomiers 
raise  the  preasure  of  low-pressure  alternators  and  deliver  the- 
cuiTcnt  into  concentric  cables,  more  or  less  troublesome  effect* 
of  this  nature  may  make  themselves  apparent  when  such  cables 
are  switched  on  or  off  the  step-up  transformers,  or  are  increi 
or  decreased  in  number  in  parallel. 

The  condenser  effect  we  have  been  considering,  and  in  par- 
ticular the  alteration  of  the  change-ratio  of  a  transformer 
which  takes  place  when  its  secondary  circuit  is  connected  to 
a  conductor  system  having  a  certain  capacity  in  relatiou  to 
the  inductance  of  that  secondary  circuit,  is  found  to  operate 
in  many  curious  ways  in  the  practical  use  of  such  ooinbiua- 
tiona.  For  instance,  if  a  pair  of  alternators  separately  excited 
are  working  in  parallel  on  an  omnibus  main  leading  to  a 
conductor  system  of  no  sensible  capacity,  then  it  is  well 
known  that  if  the  dynamos  are  synchronised,  and  contributing^ 
equally  to  the  ontgoing  current,  the  method  adopted  to  take 
one  dynamo  out  of  circuit  would  be  to  lower  its  exciting  cur- 
rent, and  when  its  outgoing  current  fell  to  zero  to  sever  its- 
connection  with  the  omuibiis  main.  If,  however,  the  alter- 
nators are  working  through  step-up  transformers,  and  into  a 
conductor  system  consisting  of  concentric  cable,  it  is  found 
by  experience  that  the  exciting  current  of  the  dynamo  to  be 
taken  out  must  be  raised,  and  not  lowered,  in  order  to  bring 
it  into  a  condition  in  which  it  can  be  out  off  from  the  omnibus 
main  without  dangerous  sparking  at  the  switch ;  and,  oon- 
versely,  in  putting  it  into  parallel  the  incoming  alternator 
has  to  be  excited  to  a  lower  electromotive  force  than  is  neces- 
sary to  maintain  the  standard  potential  difference  at  the  ter- 
minals of  the  step-up  transformer  before  putting  it  into  con- 
nection with  the  omnibus  main.  This  is  obvious*ly  due  to 
the  fact  that  the  pressure  at  the  secondary  terminals  of  the 
step-up  transformer  is  altered  by  the  very  act  of  putting  it  into 
connection  with  the  conductor  system,  and  hence  the  excitation 
of  the  alternator  at  the  moment  of  making  or  breaking  oon* 
ncction  with  the  main  must  be  such  as  will  bring  the  potential, 
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difierence  of  the  free  aeooadarf  terminals  of  the  step-up  trans- 
former  to  a  value  equal  to  the  potoutial  difTcreuce  of  the  two 
points  on  the  conductor  having  capacity  to  which  they  are  about 
to  be  connected,  or  from  which  they  have  just  been  severed ; 
and  when  the  connection  of  the  alternator  is  made,  the  excita- 
tion can  be  altered  to  divide  the  load  on  the  machines  properly. 
This  would  not  be  the  case  if  high-tension  alternators  of  very 
small  inductance  were  set  to  work  in  parallel  on  such  a  con- 
centric conductor  system.  In  this  case  the  condenser  effect 
is  practically  nothing,  and  the  behaviour  of  the  machines  in 
going  into  or  out  of  parallel  would  present  nothing  unusual. 

§  11.  Bise  of  Pressure  Effects  in  the  Case  of  the  Femuiti 
Trunk  Mains. — Remarkable  practical  illustration  of  the  above 
described  ellects  presented  itself  during  the  laying  and  working 
of  the  Ferranti  Tubular  Trunk  Mains  in  London.  These 
effects,  at  the  time,  were  much  ntisunderstood,  and  gave  rise  bo 
considerable  discussion.*  It  was  found,  when  the  full  length 
of  cable  from  Deptfurd  to  the  sub-station  in  London,  a  distance 
of  Dearly  six  miles,  was  conuected  to  transformers  which  raised 
the  pressure  of  alternators  from  2,400  to  about  10,000  volts, 
that  the  following  efifeots  presented  themselves : — 

(i.)  There  was  a  considerable  flow  of  current  into  the  cable 
when  the  London  end  was  insulated,  and  this  flow  increased 
with  the  length  of  the  cable  employed.  This  current  is  the 
condmter  current  of  the  cable,  or  the  flux  of  current  which  takes 
place  across  the  dielectric  of  the  cable.     It  is  proportional  in 

*  DiecuBaioiu  on  the  BUbjcci  of  this  effect,  rather  misnamed  the  "Fftmoti 
effect/'  occurred  at  the  Pliyaical  Society  of  London  during  the  diKiunoa 
on  a  Paper  by  Mr.  Swinburne  on  "Alternate-Current  Condeneen/'  aud 
wu  continued  by  Ms.  Swinburne,  Ur.  Qlasebrook,  Profeuor  Ayrton,  and 
Mr.  Rapp,  in  variouA  artiules  and  papers,  for  which  the  reader  ia  referred 
to  The  Ettetrician,  VoL  XXVI.,  Dec.  19th,  1890,  p.  214  ;  Dec  26th,  p.  232 ; 
Jan.  2nd,  1891,  p.  260.  Hr.  Qisbert  Kapp  wrote  an  article  on  "  Capacity 
sod  Sell -Induction  in  Alternate-Current  Working,"  publiiihed  in  The 
XUetrUian  for  Dec.  19th,  1890,  p.  197,  and  Dec.  26th.  p.  229,  in  which 
eondenicr  effecta  are  discussed  with  hie  usual  cleameae  and  care.  This 
matter  waa  also  diacuBsed  by  the  author  in  a  Paper  read  before  the  Insti- 
tution of  Electrical  Engineers  of  London,  on  May  7th,  1891.  See  /oumoZ 
of  the  Irtttitutc  of  Electrical  Enginecrt,  Vol.  XX.,  p.  362,  1891,  "  On  Some 
EffBcta  of  AltematiDg-CurreDt  Klow  in  Circuit*  having  Capacity  and  Self- 
induction." 
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raiignitude  to  the  length  of  cable  used,  to  the  speed  of  the 
miicliine,  and  to  the  voltage  at  the  dynamo  end,  and  is  nor- 
mally at  about  the  rate  of  1*2  or  IS  amperes  per  mile  run. 
Hence,  when  a  double  loop  of  the  cable  of  11-5  miles  in  len^b 
from  Deptford  to  London  and  back  was  employed,  it  vas  found 
that  the  condenser  current  at  10,000  volts  was  about  12  to  14 
amperes. 

(ii.)  When  the  1,260  horse-power  alternator  was  excited  and 
driven  at  a  certain  speed,  and  the  insulated  cable  together  with 
A  stop  up  transformer  at  the  generating  endswitchcd  on  to  tho 
machine,  it  was  found  that  the  pressure  at  the  terminals  of  the 
machine  was  increased,  and  the  step-up  ratio  of  the  transformer 
was  also  increased  in  such  fashion  that  the  1  ;4  step-up  ratio  of 
the  transformer  used  was  incrRa<tpd  by  about  15  to  20  per  cent. 
Hence  the  pressure  measured  anywhere  along  the  cable  wae 
found  to  be  greater  than  four  times  the  pressure  at  the  dynamo, 
terminals. 

(iii.)  When  the  cable  w&a  insulated  at  the  far  end  the  poten- 
tial dilTerenoe  between  the  inner  and  outer  copper  was  found  to 
be  everywhere  the  same,  and  everywhere  eijually  raised.  There 
was  found  to  be  no  progrcbbive  rise  of  pressure  along  the  cable 
from  the  home  to  the  far  end. 

(iv.)  When  the  cable  wa«  connected  directly  and  without  the 
interposition  of  the  step-up  transformer  to  the  larger  alternators 
excited  so  as  to  give  directly  10,000  volts,  then  no  sensible  in- 
crease of  t-erminal  pressure  was  found  upon  switching  on  a  length 
of  the  insulated  cable.  These  nlteniators,  as  before  described^ 
have  very  small  armature  resistance  and  inductauce.  A 
series  of  experiments  was  made  on  January  9th,  1891,  to 
examine  more  fully  these  efTecta.  The  arrangement  of  dynamo 
and  cables  was  as  shown  in  Fig.  23.  One  of  the  1,250  horse- 
power dynamos  was  set  apart  for  the  purpose,  and  excited  ao 
as  to  supply  current  at  about  2,500  volts  or  so.  The  current 
from  this  dynamo  was  led  through  the  p  unaries  of  two  150 
horse-power  transformers  joiued  in  parallel,  and  which  raised 
the  pressure  from  2,500  to  10,000  volta.  At  this  pressure  a 
current  from  the  secondaries  was  sent  into  the  coucentric  cable 
at  Deptford,  thence  to  the  sub-station  in  Trafalgar-square  in 
London  by  one  main,  and  back  to  Deptford  on  the  other  trunk 
main.   This  total  distance  is  20,221  yards,  or  11-49  statute  miles. 
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Arriving  back  at  Deptford,  the  current  was  again  reduced  from 
10,000  to  2,500  volts,  and  the  energy  taken  up  in  water  reetst- 
anoe  in  a  water  tank  at  the  latter  pressure.     The  pressure  at 
different  parts  of  the  system  was  measured  by  Cardew  volt- 
meters, the  high  pressures  being  reduced  by  100  :  1  pilot  trans- 
formers.    The  currents  were  measured  by  Evershed  ammeters. 
The  current  and  pressure  were  measured  at  four  places — vix.^ 
at  the  tenuinals  of  the  dyuaiuo,  at  the  beginuing,  or  entranoe, 
of  the  trunk  main,  at  the  end  of  the  truuk  main,  and,  after 
reduction,  at  the  tank.     Observers  stationed  at  these  different 
instruments  took  simultaneous  observations  at  a  signal  given  by 
the  sound  of  a  whistle,  and  in  this  way  the  simultaueoiis  valuG» 
of  the  pressure  and  current  were  obtained  at  these  four  places. 
The  transformers  used  for  raiaiug  and  lowering  the  pressure 
were  the  ISO-horse-power  size,  having  on  the  primary  side  1,1 20 
turns  of  wire,  of  resistance  3'5  ohms,  and  on  the  secondary  side 
280  tuma  of  wire,  having  a  resistance  of  '2442  ohm.       Hence 
these  transformers  were  4 :  1   transformers.       There  were,  in 
addition,  a  pair  of  pilot  transformers,  which  had  a  change  ratio- 
of  100  :  1,  and  which  reduced  from   10,000  to  100  volts  for 
voltmeter   purposes.     The  observations  consisted   in  exciting^ 
the  dynamo  to  various  voltages,  and  observing  the  current  and' 
pressure  at  the  four  places  named,  whilst  ditferent  loads  were 
placed  ou  tbe  system  by  taking  up  more  or  less  current  in  the 
tank. 

Under  these  circumstances  it  was  found  chat  when  the  trans- 
formers  at  the  far  end  were  not  loaded  at  all,  the  current  going' 
into  the  cable  at  the  dynamo  end  under  a  pressure  of  about 
10,000  volts  was  about  12  amperes.  This  is  the  Condnucr 
Current  of  the  mains.  On  loading  up  the  transformers  at  the 
far  end  the  current  going  into  the  cable  at  the  dynamo  end  is- 
also  increased,  but  it  is  always  greater  than  the  current  coming 
out  of  the  cable.  This  last  may  be  called  the  Work  Current^ 
and  the  former  the  Eesultant  Current.  The  work  current  ia 
practically  in  quadrature  with  the  condenser  current,  and  ia 
90  deg.  in  pliase  in  arrear  of  it.  Hence  the  square  root  of  the 
diBereuce  of  the  squares  of  the  ingoing  and  outcoming  currents 
of  the  cable  gives  the  value  of  the  condenser  current.  If  this 
condenser  current  in  amperes  called  I,  and  the  mean  potential 
diflerence  in  volta  of  the  two  surfaces  of  the  condenser^  or  o£ 


ALTKHNATB  CURRENT   BLECTRIC  STATIONS. 


405 


the  inner  and  outer  tubular  conductors  of  the  tube,  called  Y, 
and  2  5r  times  the  frequency  as  usual  denoted  by  p,  then  the 
capacity  of  the  cable  C  in  microfarads  is  related  to  I  and  V,  so 

I 


that 


C- X 


10». 


In  the  experiments  referred  to,  the  value  of  f  was  about  400, 
and  the  capacity  calculated  from  the  condenser  currents  of  the 
-cable  at  different  loads  -was  found  to  be  from  3*5  to  3*8  micro- 
farads for  the  whole  11 '5  miles.  Experiments  made  with  a 
ballistic  galvanometer  and  steady  electromotive  forces  of  18 
volts  or  so,  showed  that  the  capacity  was  nearly  four  micro- 
farads. These  experiments,  therefore,  showed  that  the  con- 
denser current  was  not  very  different  from  12  or  1 4  amperes. 
Hence,  the  dynamo  had  to  contribute  48  to  50  amperes  to 
supply  this  condenser  current  through  the  1  ',  4  step-up  trans- 
formers. 

When  the  transformers  at  the  far  end  were  fully  loaded  it 
vrd^  found  tliat  there  was  a  fall  of  potential  down  the  trunk 
main,  and  that  in  proportion  as  the  load  increased  the  actual 
numerical  difference  between  the  ampere  values  of  the  currents 
going  into  and  coming  out  of  the  cable  was  diminished,  but 
atiil  the  square  root  of  the  difference  of  the  squares  remained 
about  equal  to  12  or  14,  viz.,  tlie  value  of  the  condenser  current 
of  the  cable. 

The  measurements  of  potential  at  the  dynamo  terminals  and 
on  the  trunk  main  side  of  the  1:4  step-up  transformers  showed 
that  the  change-ratio  of  these  transformers  was  affected  by  the 
capacity  of  the  mains.  The  pressure  at  the  dynamo  end  of  the 
trunk  main  was  always  more  than  four  times  the  pressure  at 
the  dynamo  terminals.  The  increase  was  about  5  per  cent  at 
full  load,  aud  10  to  15  per  cent,  when  all  load  was  removed 
from  the  system.  Hence  not  only  is  the  pressure  at  the 
dynamo  terminals  raised  by  connecting  these  to  stop-up  trans- 
formers joined  to  mains  having  capacity,  but  tlic  step-up  ratio 
of  the  transformers  is  also  increased,  the  exoitinc;  current  and 
speed  remaining  constant.  These  two  effects  nre  quite  distinct 
from  one  another,  and  are  due  to  different  actions.  The  altera- 
tion of  the  change-ratio  of  the  transformers  is  due  to  their 
construction,  whilst  the  rise  of  pressure  generally  is  due  to  the 
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reocticn  of  the  condenser  upon  the  self-  induction  of  tho  aima^ 
ture  circuit. 


§12.  Further  Discussion  of  Oapacity  Effects. — Additional 
experiments  made  with  one  of  the  625  horse-power  Ferranti 
dynamos  at  Deptford  have  shown  in  a  remarkably  clear  manner 
the  way  in  which  the  condenter  effect  of  the  trunk  mains  rendexB- 
itself  evident  in  affecting  the  change-ratio  of  the  step-up  trans- 
formers and  in  altering  the  exciting  current  necessary  to  produce 
a  given  potential  difference  at  the  dynamo  ends  of  the  trunk 
mains.  A  preliminary  experiment  was  made  with  the  trunk 
mains  disconnected,  and  tho  4  to  1  step-up  transformers  alone 
attaciied  to  tho  dynamo.  The  exciting  current  was  varied  and 
the  engine  speed  kept  constant.  The  volts  at  both  temunala 
of  the  transformers  were  measured  by  Cardew  voltmeters  con- 
nected through  reducing  24  to  I  and  100  to  1  transformera. 
In  this  case  no  sensible  capacity  existed  at  all  in  connection 
with  the  system.  The  volts  on  the  low-pressure  (L.T.)  side  of 
the  transformer  will  be  called  the  dynamo  w//*,  and  the  yolta 
on  the  high-tension  (H.T.)  aide  will  be  called  the  switchboardt 
volts. 

The  resulu  of  varying  the  exciting  current  aud  keeping  the- 
speed  constant  are  shown  in  the  following  table  : — 

Ezperiment  L 

Frtuwrt  MeasuremenU  with  Dynamo  attached  only  to  Step^yp- 
Transformert,     Circuit  Open.     No  Mains  Connected, 


Kevolutions 

of  engine 
per  miuucc 

Exriring 
current  of 
dju&mo  iQ 

amperes. 

Dynwao 

voU*  on 

L.  T.  aide  of 

traoBformer. 

Switchboard 

volta  oil 
H.  T.  side  of 
irftasformer. 

duLDge-ratio 

uf 
trftnaformer. 

52 
52 
62 
62 
62 

98 
82 
72 
65 
65 

2,633 
2,345 

2,105 
l,i#61 
1,661 

10,650 
9.400 
8,450 
7.800 
6,700 

4  04 
4  06 
4  01 

4'03 

Hence  we  see  that  the  change-ratio  of  the  transformer 
remains  constant  for  variations  of  the  pressure  on  its  terminals, 
there  being  no  load  on  the  transformer.     The  dynamo  and 
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■witchboard  volts  increase  with  the  exciting  current,  but  pre- 
serve the  same  ratio  to  each  other.  If,  however,  the  four 
Ferrauti  trunk  mains  are  auccessively  connected  to  the  omnibus 
bar,  these  mains  being  open-circuited  at  the  London  end,  and 
acting  only  as  uondenuers,  then  it  is  found  that  the  dynamo 
volts  and  switchboard  volts  are  both  changed,  and  the  ratio  of 
them  ia  changed  also.  The  following  table  shows  the  nature 
of  these  changes. 

Experiment  IL 

Pre»8Uft  Measurtinenis  with  Trunk  Mains  attached  to  Step^p 

Transforvio'  on  High-Tension  Side,     CirciUtt  Oj>€n, 


RevolU' 
lions  nf 

Exciting 

Dyuamo 

Switchboard 

Change- 

Number 

current  in 

Tulta  on 

volt*  on 

ratio  of 

of  trunk 

amperes  of 

L.  T.  si^^e  of 

H.  T.  aide  of 

tranfl. 

mains 

engJDe. 

dynamo. 

trauBfiiPiEer 

transformer. 

former. 

attat-hed. 

52 

62 

1,875 

7.500 

4-0 

0 

52 

62 

2.012 

8.150 

405 

1 

52 

62 

2,153 

9,050 

4-2 

2 

52 

02 

2,421  (7) 

9,900 

4a  (?) 

3 

52 

62 

2,489 

10,850 

4-4 

i 

The  above  experiments  showed  clearly  that  when  mains 
having  capacity  are  connected  to  the  high-tenaion  side  of  the 
transformer,  the  pressure  ia  raised  on  both  sidea  even  when  the 
eiciting  current  and  dynamo  speed  remain  quite  constant. 
Also  that  the  change-ratio  of  the  transformer  is  altered.  In 
the  above  case  each  of  the  mains  added  represented  about  2 
microfarads  in  capacity.  Although  the  trunk  mains  were  open- 
circuited  at  the  London  end,  nevertheless  a  current  was  found 
to  be  passing  into  them,  and  this  current  was  respectively,  8, 
20,  31,  and  44  amperes  in  all,  when  there  were  1,  2,  3,  and  4 
trunk  maioB  joined  on  to  the  step-up  transformer.  The 
frequency  in  this  case  was  83  per  second. 

The  entire  agreement  of  the«o  observations  with  the  theory 
given  in  §8  was  shown  by  comparing  the  above  measured 
values  of  the  condenser  eurrenta  flowing  into  the  four  mains  with 
the  results  obtained  by  calculation  from  the  formula 

I»CjjVylO-«, 

which  gives  us  the  condenser  current  in  terms  of  the  capacity, 
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the  mean  potential  difiference  of  the  inner  and  outer  conductors 
and  ^  or  2  TT  times  the  frequency.  In  the  above  observatioos 
the  value  of  p  was  522  =  2  tt  x  83.  If  we  employ  the  above  for- 
mula to  calculate  the  capacity  of  the  mains  we  can  compare 
this  value  with  the  capacity  directly  measured  by  oomparisoQ 
with  a  standard  condenser.  Taking  the  results  from  Experi- 
ment II.  above  wo  tabulate  the  calculations  as  follows : — 

Calculation  of  the  Capacity  of  Fcrranti  Trutik  Maiiit  front  the 
ofjservfd  Coiid«n$er  Currents  at   Various  Voltagei. 


Tot*I  capacity  of 

Mean  pot«nti&l  dif- 

Observed con- 

maina,  cidcumted 

ference  of  inner  and 

deit^r  current, 

from  furmula 

Ko.  of  tnitik 

outer  conductors  in 

in  amperes,  gumg 

C=  lxlO» 

maioi  coonecfeed. 

volts. 

lata  ttuuii^. 

in  microfarada. 

8450 

8 

1-9 

1 

9,050 

20 

4'2 

2 

L            9,i>00 

31 

t;o 

3 

[          10,850 

44 

77 

4 

Two  of  the  trunk  mains,  of  which  there  are  four  altogether, 
have  each  a  total  length  of  6*60  statute  miles,  and  two 
have  each  a  length  of  5 '81  statute  miles,  depending  on  the 
position  of  the  sub-station  to  which  they  run  (see  §  38.)  Henoe^ 
the  total  length  of  trunk  mains  is  24'8  statute  miles. 

Since  the  above  table  Bbows  that  the  total  calculated  value 
of  the  four  mains  together  is  7*7  microfarada  for  24*8  mileSy 
it  follows  that  the  mean  capacity  is  at  the  rate  of  '3 1  mioro- 
farads  [>er  mile. 

A  careful  measurement,  by  means  of  a  standard  condenser 
and  ballistic  galvanometer,  was  made  of  the  capacity  of  two 
lengths  of  the  mains.  The  capacity  of  two  lengths  of  11,114 
yards,  or  6*31  statute  miles,  showed  the  capacity  between  inner 
and  outer  conductor  to  be  respectively  1*98  and  2*02  micro- 
farads, or  at  the  rate  of  -313  and  -319  microfarads  per  mile. 
This  agrees  closely  with  the  above  calculated  result,  and  it 
shows  that  the  condrrutr  currtnt  can  be  calctilated  with  great 
accuracy  by  the  formula  I  =  C/V.  On  comparing  the  tables 
of  Experiments  I.  and  II.,  we  see  that  the  addition  of  the 
capacity  of  the  cables  to  the  secondary  or  high-pressure  side  of 
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the  Btep-up  transformers  does  two  things.  Ist,  ft  decreases 
the  exciting  current  required  to  maintain  a  given  voltage  at 
the  high-tension  side  of  the  transformers,  or  conversely  for  a 
given  exciting  current  it  raises  the  voltage.  Thus  for  an  ex- 
citing current  of  63  amperes  the  dynamo  volts  are  1,961,  and 
the  switchboard  volts  7,800,  and  the  transformer  change-ratio 
is  403  to  1.  If,  however,  four  trunk  mains  are  connected 
to  the  system,  adding  a  capacity  of  7*7  microfarads  to  the 
secondary  side,  then  62  amperes  of  exciting  current  produce 
2,489  volte  at  the  dyuatno  terminals  and  10,850  at  the  switch- 
board, and  raises  the  change-ratio  of  the  transformer  to  4*4 
to  1.  Hence  the  dynamo  terminal  volts  are  increased  25  per 
cent,  and  the  change-ratio  of  the  transformer  10  per  cent, 
by  the  addition  of  the  7'7  microfarads  of  capacity  to  the  high- 
tension  side  of  the  step-up  transformer.     In  seeking  for  a  full 
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explanation  of  these  effects  an  examination  of  them  shows  that 
there  are  possibly  two  different  classes  of  actions  concerned. 
One  of  these  actions  is  a  result  of  combined  inductance  and 
capacity  in  the  circuit,  and  the  other,  which  has  been  particu- 
larly supported  by  Mr.  Swinburne,  is  considered  to  be  due  to  a 
re-action  of  the  armature  current  upon  the  held  maguets  of 
the  dynamo.  The  nature  of  the  first-named  action  has  been 
already  discussed,  but  may  be  considered  a  little  more  in  detail 
as  follows  : — Suppose  a  circuit  having  inductance  L  (»cf  Fig.  :i4) 
to  tei*miuate  on  a  condenser  of  capacity  C,  and  lut  an  impressed 
periodic  electromotive  force  cause  a  current  to  flow  in  the 
inductive  circuit  completed  by  an  earth  return.  If  at  any 
instant  a  current  of  strength  i  exists  in  the  circuit,  then  its 
Iviuetic  energy  is  J  L  i-.  If  this  current  be  left  to  itself  by  the 
withdrawal  of  the  electromotive  force  it  must  expend  this 
energy  in  charging  the  condenser  up  to  a  certain  maximum 


410 


ALTZRSATE  CITBRBNT  XLSCTaiC  STATIONS. 


potential,  Bay  V ;  &nd  the  potential  energy  of  the  charge  60 
given  to  the  condenser  is  represented  by  ^  G  V^,  this  potential 
energy,  J  C  Y^,  being  eqvial  to  the  kinetic  energy,  |  L  i*,  which 
haa  disappeared  in  producing  it.  Hence  for  a  given  amount  of 
kinetic  energy  the  potential  to  which  the  conclenaer  plato  riaes 
will  be  greater  in  proportion  as  the  capacity  C  is  leas.  On  the 
other  hand,  the  marimum  current  which  is  capable  of  being 
produced  in  the  circuit  depends  upon  the  capacity  of  the  con- 
denser. If  this  capacity  ia  zero,  then  the  current  and  hence 
the  kinetic  energy  capable  of  being  produced  by  any  electro- 
motive force  is  zero,  and  hence  also  the  potential  to  which  the 
plate  of  the  condonsur  will  rise  will  only  be  equal  to  the 
potential  produced  by  the  alternator  or  source  of  electro- 
motive force  applied  to  the  inductive  circuit.  On  the  other 
hand,  if  the  capacity  is  very  large,  then  although  a  larf2;e 
kinetic  energy  may  be  accumulated  in  the  current  flowing  into- 
it,  yet  it  will,  on  account  of  this  very  great  capacity,  only 
raise  the  potential  of  the  condenser  slightly  when  converted 
into  its  equivalout  in  static  charge  or  potential  energy.  Hence 
such  a  system,  consisting  of  inductance  and  capacity  in  serieSr 
constitutes  a  path  in  which  electricity  when  set  in  motion  by 
momentary  impressed  electromotive  force  oscillates  backwards 
and  forwards,  the  energy  being  alternate)}'  kinetic  and  potential,^  ■— 
but  being  continually  frittered  away  by  the  ohmic  reaiat&nce  ■ 
of  the  inductive  circuit  into  heat. 

This  is  a  very  familiar  fact  to  those  who  have  experience  of 
long  electric  lighting  circuits,  either  for  arc  lighting  by  con- 
tinuous currents  or  for  incandescent  ligbtiug  by  alternating 
currents.  If  the  continuous  current  in  a  long  underground  in- 
sulated arc  light  circuit  ta  suddealy  switched  off  the  insulation 
ia  very  apt  to  break  down,  and  will  certainly  do  so  unless  in 
very  good  condition.  The  difficulties  that  have  been  met  with  ■ 
in  maintaiuiug  the  insulation  of  such  circuits  is  largely  due  to 
this  cause.  The  proper  method  ia  to  short-circuit  the  seriea 
djTiamo,  as  is  done  iu  the  case  of  the  ThomsonHouston  aro- 
light  dynamos,  and  not  to  switch  olf  suddenly  a  large  circuit 
flowing  in  a  long  looped  and  therefore  inductive  circuit.  Again, 
in  the  case  of  alternating  currents,  it  has  been  found  that  if  the 
pressure  is  suddenly  switched  on  to  or  off  from  open  circuits, 
having  inductance  and  capacity,  that  the  pressure  rises  at  the 
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far  end  to  an  injurious  degree,  and  that  the  insulation  is  often 
injured  thereby.  It  must  be  borne  in  mind  in  dealing  with 
long  insulated  circuits  supplied  with  alternating  presauro  that 
although  the  circuit  may  be  "open  "  at  the  end  remote  from 
the  dynamo,  yet  if  the  circuit  possesses  sensible  capacity  at> 
alternating  current  will  flow  into  it,  and  if  its  inductance 
exceeds  a  certain  amount  a  phenomenon  of  increased  pressure 
will  present  itself,  due  to  the  conversiou  of  kinetic  energy  of 
the  current  flow  into  static  pressure  or  potential  energy  in  each 
period  or  cycle. 

A  little  consideration  will  show  that  when  certain  relations 
between  the  capacity  and  inductance  of  the  circuit  are  fulfilled 
that  the  mean  or  maximum  pressure  at  the  terminals  of  the 
condenser  can  become  greater  than  the  mean  or  maximum 
value  of  the  impressed  electromotive  force.  This  has  been 
rigidly  demonstrated  in  a  former  paragraph.  The  equation 
there  given — viz., 

at 

M  the  current  equation  applicable  to  the  case  of  an  impresse*^ 
electromotive  force  acting  upon  a  circuit  having  capacity  and 
self-induction ,  can,  by  multiplication  by  idt,  be  written 


hi^dt-^Ki^d  t  +  v^idt^v^idt, 
d  t 


m- 


This  is  an  equation  of  energy,  and  expresses  in  mathematicaT 
language  the  fact  that  the  work  expended  on  the  circuit  in  any 
time  rf  t  by  the  impressed  electromotive  force  t'o,  and  which  is 
represented  by  the  term  r^^idt^  is  used  up  in  doing  three 
things : — 

(i.)  In  increasing  the  charge  of  the  condenser,  and  whicli  is 
represented  by  the  term  v^idL   For  the  current  i  flowing  into 

I  the  condenser  is  at  any  instant  equal  to  — ^,  the  rate  of 

I  d  t 

I  crease  of  the  char^^e  of  the  condenser,  and  therefore 

[  or  i 


t^idt'-t^'^-^di^i^dq, 
it  t 

or  is  equal  to  the  product  of  the  potential  and  increment  of 
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charge  of  the  conden&er,  or  to  the  elemeat  of  work  done  in  the 
time  d  t. 

(ii.)  The  work  supplied  is  used  up  partly  in  a  dissipation  of 
-energy-  into  heat  by  the  ohmic  resistance  of  the  circuit,  and 
the  amount  so  dissipated  in  the  time  dt  \^  represented  by 
Ui^dt. 

(iii.)  The  energy  supplied  is  used  up  partly  in  iucreaaing 
the  eleotro-kinetic  momeutuoi  of  the  circuit,  and  this  is  repre- 
sented by  L  t  ~-  dt^  for  tliis  represents  the  increase  in  the 
dt 

value  of  the  quantity  }Lt^,  which  takes  place  in  an  element 
of  time  d  t.  Hence  we  have  an  equality  at  any  instant  between 
the  rate  of  supply  of  energy  and  the  rate  at  which  it  is  being 
transformed  into  kinetio  or  potential  forms,  according  to  the 
equation 


VQidi 

"Work  done\ 

on  circuit 

by  im* 

pressed 

"E-M-F.  in 

time  dt 


Tj  idt 

Increase  of  " 
potential 
energy  stored 
in  the  con- 
denser in 
time  (/  i 


>^ 


n  r-J  d  t 

/Eaergydis-' 

I  Bi|i^Ltcil  in 

I  the  circuit 

in  form  of 

heat  in  the 

time   dt  . 


y+ 


T    'di  J. 
dt 

'  Work  done 
iuincreaaiug 
tl)c  kinetio 
ent'rgyof  the 

circuit  in 
Uho  UmQdi. 


It  has  been  shown  that  a  solution  of  this  equation  tends  to 
the  result  that  V,,  or  the  maximum  value  of  the  potential 
difference  of  the  terminals  of  the  uoudeiiHor,  m^y  for  certain 
values  of  C,  R,  L  and  p  become  greater  than  Vq.  the  maximum 
value  of  the  impressetl  electromotive  force  acting  on  the  circuit. 
The  circumstances  under  which  this  can  take  place  are  given 
by  the  diagram  in  Fig.  16. 

Suppose  that  an  alternator  having  an  armature  possessing 
self-induction  has  its  terminals  closed  by  a  condenser,  or  has 
them  connected  to  a  pair  of  mains  which  have  capaoity  relatively 
to  one  another^  then  the  potential  difVerence  between  these 
mains  may  become  greater  than  that  of  the  poles  of  the 
alternator  if  the  main  is  removed,  but  still  retaining  the 
same  speed  and  excitation.  This  ia  what  the  Deptford  experi- 
ments described  show  to  have  been  the  ciise,  and  they  ahow 
that  the  exciting  current  at  a  given  speed,  which  is  a  measure 
then  of  the  impressed  electruuLotive  force,  must  be  diminished 
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in  proportion  as  the  cable  capacity  is  increased  if  the  potential 
difference  of  the  terminals  of  the  condenser  is  to  be  kept 
constant.  The  view  above  taken  that  this  increase  of  pressure 
Is  due  to  the  combined  action  of  the  electro-magnetic  momen- 
tum of  the  armature  circuit,  and  to  the  capacity  of  the  con- 
denser which  completes  that  circuit,  haa  been  considered  by 
some  writers  as  not  conveying  a  full  explanation  of  the  matter. 
Mr.  Swinburne  in  particular  has  supported  the  view  that  the 
increased  condenser  potential  is  to  be  considered  as  due  to  the 
reaction  of  the  armature  current  upon  the  Held  magnets.  We 
have  seen  in  the  discussion  of  the  olook  diagram  of  electro- 
motive forocs  given  in  Fig.  H,  that  when  capacity  is  present, 
the  phase  of  the  current  flowing  into  and  out  of  the  condenser 
ia  in  advance  of  the  phase  of  the  impressed  electromotive  force. 
Since  the  maximum  value  of  the  impressed  electromotive  force 
coincides  in  time  with  the  passage  of  a  loop  of  the  armature 
through  the  middle  point  between  two  alternate  Held  poles,  a 
very  little  consideration  shows  that  a  current  flowing  through 
the  armature  which  is  in  advauce  of  the  impressed  electromotive 
force  in  phase  will  b«i[ithe  right  direction  to  assist  or  strengthen 
the  magnetiBm  of  the  Reld  magnets,  and  hence  this  current  so- 
flowing  will  aot  to  increase  the  electromotive  force  of  the 
machine  by  its  reaction  upon  the  fleld.  Hence  the  condenser 
current  shares  with  the  exciting  current  the  duty  of  magnetis- 
ing the  field  magnets,  and  we  can  afford  to  reduce  the  strength 
of  the  external  exciting  current  and  still  keep  the  dynamo- 
terminal  electromotive  force  constant  if  we  add  a  capacity 
across  its  terminals.  Under  some  circumstances  the  whole 
excitation  could  be  conducted  by  the  condenser  current,  and 
the  alternator  become  self-exciting  like  a  continuous-current 
shunt-wound  dynamo. 

If  we  consider  the  case  of  the  experiment  described  in  §  10, 
when  external  excitation  and  speed  are  kept  constant  and  the 
capacity  continually  varied,  it  is  easy  to  see  that  when  the  con- 
denser capacity  is  made  zero  there  is  no  condenser  current,  and 
hence  no  increase  of  magnetisation  of  field  and  no  rise  of  pressure. 
Again,  when  the  cajiacity  has  such  a  value  that  it  exactly  nulli- 
fies the  self-induction  of  the  armature,  which  happ)ens  when  the 
quantity  C  L/j^  is  unity,  then  the  armature  current  is  in  conso- 
nance, as  regards  phase,  with  the  impressed  electromotive  force;. 
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and  hence  there  cau  be  no  armature  re-actiou  and  no  increase  of 
the  maguctism  of  the  fields.  Between  these  two  zero  effects  lies 
a  maximum  value.  Referring  again  to  the  diagram  in  Fig.  15, 
it  is  easy  to  see  that  we  can  in  imagination  divide  the  current 
which  is  repreflented  by  one  R"*  part  of  O  R  into  two  oom- 
.ponents,  one  in  consonance  with  the  impressed  electromotive 
lorce,  and  one  in  quadrature  with  it,  or  90deg.  ahead  in  ph&se. 

This  last  component  can  be  called  the  field-magnetising  com- 
ponent of  the  current,  for  it  is  the  magnitude  of  this  component 
which  determines  the  increase  of  the  magnetisation  of  the  field 
poles  by  the  armature  current.  By  drawing  a  series  of  dia- 
■^rams,  such  as  that  in  Fig.  15,  with  constant  values  of  Y^, 
it,  and  L,  but  values  of  C  increasing  from  zero  to  infinity,  it  is 
not  difficult  to  see  that  a  maximum  value  of  this  6eld  magnetis- 
ing component  of  the  armature  current  will  be  found  when  the 
condenser  capacity  C  has  such  a  value  as  to  cause  the  angle 
by  which  the  phase  of  the  complete  oiureut  is  ahead  of  the 
phase  of  the  impressed  electromotive  force  to  bo  ^fldeg.  The 
armature  reaction  theory  therefore  gives  a  general  account  of 
the  experimentally  proved  fact  tliat  continuous  increase  in  the 
capacity  results  in  a  rise  of  pressure  at  the  condenser  terminals 
up  to  a  maximum,  and  finds  the  period  of  that  maximum  as 
corresponding  with  a  certain  definite  advance  of  the  current 
phase  over  that  of  the  impressed  electromotive  force — viz., 
45deg. 

The  self-induction  theory  is  in  a  similar  agreement  as  to  the 
general  facts,  but  it  indlcatos  that  the  greatest  rise  of  pressure 
will  take  place  when  the  condenBer  currcut  phase  is  OOdeg. 
ahead  of  the  position  which  it  wotild  have  when  no  capacity  at 
all  is  connected  to  the  dynamo  terminals  ;  and  this  condition  is 
only  consistent  with  the  condition  imposed  by  the  armature 
reaction  theory,  for  one  particular  value  of  the  frcquoncy— ^viz., 

when  T  =  ~— — ,  or  when  Lp«R,  that  is,  when  the  angle  of  lag 
R 

of  the  current  behind  the  impressed  electromotive  force  would 

be  46deg.  if  no  capacity  were  present  at  all. 

The  armature  reaction  theory  is  therefore  not  identical  with 

the   self  induction   theory.     It   may  be  that  both  effects  ore 

present  at  the  same  time  ;  but  which  one  is  the  truth,  or  how 

much  of  each  is  the  truth,  can  only  be  settled  by  repeating  such 
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experiments  as  those  made  at  Messrs.  Siemens'  Works  (p.  395), 
and  at  the  same  time  adapting  to  the  alternator  a  phase 
indicator,  which  shall  enable  the  phase  of  the  current  relatively 
to  the  impressed  electromotive  force  to  be  determined,  corre- 
sponding to  each  jiarticular  value  to  be  ascertained. 

That  such  elfectti  of  rise  of  pressure  due  to  the  combination 
of  capacity  and  self  induction  can  take  place  when  no  such 
effect  as  armature  reaction  on  field  magnets  is  present  is  shown 
by  the  experiments  of  Hertz  referred  to  in  §  1 1  of  Chapter  V., 
Vol.  I.  If  the  reader  will  compare  Figs.  28  and  29  in  that 
section  of  the  first  volume  with  the  curves  plotted  as  the 
result  of  the  dynamo  experiments  in  §  10  of  this  chapter,  he 
will  see  the  remarkable  analog^'  between  the  two.  For  a 
certain  critical  capacity  Hertz  found  the  spark  length,  in- 
dicating maximum  potential  difference,  reaches  a  maximum, 
and  DO  effects  other  than  those  due  to  electro-magnetic  momen- 
tum and  capacity  can  enter  in  this  case. 

When  an  alternator  is  attached  to  a  transformer  and  the 
ndary  terminals  of  the  transformer  connected  to  the  poles 
of  a  condenser,  then  the  rise  of  pressure  found  at  the  terminals 
of  the  condenser  when  the  alternator  is  kept  at  constant  speed 
and  excitation  are  due  to  two  causes  ;  firstly,  to  an  alteration 
of  the  change  ratio  of  transformation  of  the  transformer ; 
secondly,  to  the  armature  effect  just  discussed,  only  in  this 
case  the  condenser  acts  back  through  the  transformer.  The 
alteration  of  the  change  ratio  of  the  transformer  is  due  to  the 
annulment  of  the  "  drop  "  due  to  magnetic  leakage,  and  does 
not  take  place  with  every  form  of  transformer.  When  a  trans- 
former is  gradually  loaded  up  and  the  secondary  current  in- 
oreued,  the  magnetising  effect  of  the  secondary  current  upon 
the  core  is  opposed  to  that  of  the. primary,  and  the  result  is  to 
develope  magnetic  poles  in  the  core  and  create  a  leakage  field 
whereby  the  total  induction  through  the  secondary  is  made  less 
than  the  total  induction  through  the  primary,  as  the  resiat- 
j  anoe   of  the  external  secondary  circuit   is  reduced    and    the 

^H  secondary  current  increased  by  loading  up  the  traui^former.  If 
^H  under  these  circumstances  the  ratio  of  the  potential  difference 
r  at  the  secondary  terminals  to  the  potential  difference  at  the 

I  primary  terminals  is  sensibly  reduced  as  compared  with  the 

%  ratio  when  the  secondary  circuit  is  open,  the  tranaforOier  is 
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said  to  have  a  "  drop "  in  working.  When  a  condenser  i» 
bridged  acroaa  the  secondary  terminals  the  condenser  current 
flowing  into  it  is,  as  has  been  already  explained,  in  phase  ix> 
advance  of  the  secondary  electromotive  force  by  90deg. 

It  will  be  shown  later  on  from  what  are  called  the  ludioator 
Diagram   of  Trausformera   that   the   primary  and  seoond&ry 
electromotive  forces  are  opposite  in  phase,  also  that  the  phase 
of  the  magnetic   induction   in  the  core  is  in  advance  of   the 
secondary  electromotive  force  and   in  arrear  of  the  primary 
electromotive  force  by  about  QOdeg.     Hence  the  phase  of  the 
condenser  current  or  current  flowing  into  and  out  of  the  con- 
denser la  in  phase  in  agreement  or  is  in  near  agreement  with  the 
magnetic  induction,  and  hence  occurs  at  a  time  which  enables 
it  to  itrengthen  the  induction  in  the  core  or  in  that  part  of  the 
core  enclosed   by  the  secondary  circuit.     Hence  this  not  only 
may  compensate  entirely  for  l.he  "  drop  "  if  the  transformer  i» 
sending  out  a  work  current  from  its  secoudary  circuit,  but  it 
may  even  over-compeusate  and  effect  a  still  further  increase  in 
ratio  of  secondary  electromotive  force  to  primary  electromotive 
force.     If  the  transformer  is  one  in  which   the   primary  and 
secondary  circuits  are  so  completely  intertwined  that  no  mag- 
netic leakage  is  possible,  then  this  alternation  of  change-ratio 
will  not  be  found.*     In  this  case  L  N  =  M-. 

Hence  when  alternators  are  coupled  to  mains  having  capacity 
through  step-up  transformers,  the  ettecta  of  increased  pressure 
which  is  found  when  the  mains  are  connected  to  the  constantly 
excited  alternator,  is  a  mixture  of  two  separate  effects,  one  due 
to  the  action  of  the  capacity  on  the  transformer  and  one  due 
to  the  action  of  the  capacity  on  the  armature  of  the  alternator,* 


•  It  WM  pointod  out  by  Mr,  Alexander  Siemens,  during  A  diBCUsaioa  ft^ 
the  luititutiou  of  ElecLriail  EngineerB  on  a  Paper  by  the  author  on  "Soi 
KfTcctfl  of  Alternating  Current  Flow  in  Circuita  having  Capacity  and  Self* 
Induction,"  that  in  the  case  when  experimenta  such  as  thoM  descrilted  in 
§10,  were  made  with  a  form  of  transformer  which  ht  calli  a,  aablclrant/ormer^ 
altliough  rite  of  pressure  effects  were  found  at  the  two  terminals  of  the 
trnusformer  when  cannecte<l  with  a  ctMideu»er,  yet  the  change-ratio  of  the 
traosformcr  was  not  altered.  In  thiit  form  of  transformer,  whioh  ia 
open  magnetic  circuit  one,  mAgnetio  leakage  w  very  small.  See  Proe*  InaL- 
Eler,  Enginfm,  Lonelon,  Vol.  XX.,  July,  1891,  p.  456.  The  reader  i»  re- 
ferred to  tlie  whole  of  the  alcove  di<cuft»iun  for  further  interesting  iofor' 
Eoation, 
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The  effect  on  the  transformer  has  been  particularly  discussed 
by  Prof.  Ayrton  and  Dr.  Sumpiier  in  a  Paper  on  "  Alternate 
CuiTent  Interference."* 

Their  results  were  briefly  as  follows  : — 

(i.)  Whether  the  trausformatioa  ia  up  or  down,  the  percentage 
rise  of  pressure  in  the  secondary  is  greater  than  that  in  the 
primary. 

(iL)  That  these  percentage  rises  diminish  as  the  secondary 
current  increases. 

(iii.)  That  they  increase  with  the  ratio  of  transformation. 

(iv.)  That  the  rise  on  the  secondary  terminals  may  be 
considerable  without  that  on  the  primary  being  appreciable. 

(t.)  That  the  rise  in  the  secondary  still  may  persist  even 
when  large  secondary  currents  are  taken  out  of  the  trans- 
former. 

In  the  transformer  used  in  the  above  experiments  the 
change-ratio  was  1:2,  and  the  maximum  rise  of  pressure 
was  II  per  cent.  Dr,  Sumpner  also  made  some  experi- 
ments to  separate  out  the  relative  values  of  the  effects  of 
the  dynamo  and  transformer  in  producing  the  increased  pres- 
sure at  the  condenser  terminals,  and  found  the  effects  about 
equal. 

Space  forbids  a  more  extended  discussion  hero  of  these 
effects  of  capacity  in  circuits  conveying  alternating  currents. 
If  an  open  circuit  possessing  inductance  and  capacity,  such 
as  a  long  concentric  cable,  is  acted  upon  by  an  alternating 
electromotive  force  at  one  end,  it  is  possible,  under  some 
conditions,  to  have  a  progressive  rise  of  pressure  all  along 
the  cable.  For  a  fuller  discussion  of  these  effects  the  reader 
is  referred  to  a  Paper  by  the  author  on  "  Alternating  Current 
Flow,"  t  and  the  advanced  mathematical  reader  to  a  series  of 
Papers  by  Mr.  Oliver  Heaviside  on  "The  Self-induction  of 
Wires,"  published  in  the  Phil,  Mag.  for  1886  and  1887,  and 
more  particularly  to  the  Paper  in  the  Phil.  Mag.  of  January, 
1887,  Vol.  XXIIL,  p.  18,  in  which  the  mathematical  theory 
of  the  propagation  of  a  variable  current  in  a  concentric  cable 
is  very  ably  discussed. 

*  8ee  Proe.  Phytical  Soc.  of  London,  February  27th,  1891 ;  also  EUetridam, 
VoL  XXVI.,  p.  600. 
t  See  Proc.  Intt.  EUc  Engiruan,  VoL  XX.,  July  1891,  p.  362. 
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§13.  Methods  of  Transformer  Distribution.  Sub-stations. — 
There  are  two  methods  in  which  tranaformera  are  employed  in 
the  distribution  of  electric  current  for  public  purposes.  The 
first  method-  may  be  called  the  method  of  dUtributed  trans^ 
foiTTnerSi  and  the  second  the  nuh-wntrt,  or  tranaformfr  8vl^-<arUre 
system.  According  to  the  first  method,  every  ImiMiug  or  house 
to  be  lit  electrically  is  provided  with  one  or  more  transformers, 
which  reduce  the  pre&sure  of  a  current  supplied  at  a  high 
pressure,  generally  at  1,000,  3,000,  or  2,400  volts,  to  100  or  50 
volts,  as  required  for  use  with  inctLndesoeuce  lamps.  Tho  high 
pressure  current  is  supplied  by  a  system  of  undergrcjuud  or 
overhead  high-pressure  service  lines,  and  the  neceasitiea  of  eac^ 
customer  have  to  be  uonsidere<i  in  providing  him  with  a  group 
of  one  or  more  truusfurnierH  fur  private  use.  In  the  eecoud 
systum  the  customers  arc  not  fed  from  private  transforuiers  at 
all,  but  draw  their  8upf>ly  from  a  common  low-preasuro  uetwork 
of  service  conductors  of  greater  or  less  extent^  which  is  kept 
charged  to  a  couwtant  pottiutial  by  means  of  a  single  centrul 
group  or  bunk  of  truusfunuers.  K»icb  of  these  methods  has 
certain  advuuta^es.  In  cuiniuencing  the  supply  of  electric 
cuiTeut  to  a  town  or  a  diiitrict  of  a  l:Arge  city,  it  has  been 
genentUy  found  that  at  Hrst  the  demand  for  li^tit  is  spaively 
distributed  or  not  dense.  Tli.-it  is  to  say,  here  and  there  people 
are  found  who  will  take  the  light,  but  whole  rows  of  house 
boldeiii  do  not  at  once  demand  iU  Hotels,  reatauranta,  public 
houses,  and  many  large  shops  regard  electric  lighting  as  an 
advertisement  and  means  of  getting  noticed.  Hence  they  come 
forward  at  once  and  are  ready  to  tuko  it  wlten  it  oan  be 
supplied  at  auy  reasonable  price.  Tlio  average  householders, 
particularly  of  the  middle  class  and  tho  suiallor  shopkeepers, 
hang  back  (1)  because  of  the  initial  outlay  necessary  in  having 
the  **  house-wiring  "  properly  done^  which  may  be  estimated  at 
about  25s.  per  light  for  good  work,  and  (2)  because  of  the  fact 
that  the  low  price  of  gas,  as  in  England,  or  mineral  oiU  makee 
electric  lighting  at  the  i»rcsent  price  of  7d.  to  8d.  per  kilowatt- 
hour  a  rather  more  expensive  form  of  illumination,  and  its 
additional  advantages  appeal  less  to  them  than  does  the  im- 
mediate outlay.  Hence  the  initial  demand,  though  it  may 
amount  to  a  considerable  total  of  lighting,  exists  in  a  more 
or  less  scattered  form.      This,   however,  is  capable  of  being 


I 


ALTERMATB   CURRKN'T   ELEOTRTC   STATIONS. 


419 


adequately  dealt  with  by  distributed  transformers.    The  system 
is  also  a  very  flexible  one,  and  when  carried  out  by  means  of 
overhead  conductors,  changes  and  adaptations  can  readily  be 
made  as  required  in  the  conductor  system.     The  advocates  of 
low-pressure  systems  generally  take  occasion  to  ])oint  out  that 
the  cost  of  the  transformers}  when  added  to  that  of  the  high- 
pressure  conductors,   would   bring   up  the   total  cost  of  the 
distribution  syvtem  to  about  the  *eamo  amount  as  the  low- 
pressure  conductors  in  an  equivalent  low-pressure  distribution. 
It  must  be  noted,  however,  that  it  is  a  ranch  more  easy  task 
to  proportion  the  initial  outlay  for  conductors  to  the  iuiniediate 
requirements  in  the  case  of  distributed  transformers,  than  is 
the  case  in  laying  out  a  low-pressure  service  system,  and  that 
the   ecouumical  disposition  of  low-pressure  networks  to  cover 
large  areas  is  a  very  difficult  matter  to  cft'ect  when  the  amount 
of  lighting  and  its  distribution  is  a  question,  more  or  less,  of 
conjecture.      It  is  admitted,   however,   that   the  system   of 
distributed  transformers  is  an  imi>erfect  method,  except  in  so 
far  as   the  conditions  inseparable   from  the  initiul  stages  of 
public  electric  lighting  make  it  advisable  to  adopt  it  at  the 
outlet  of  the  enterprise.     The  reasons  are  not  far  to  seek.     In 
patting  in  a  transfoimer  into  the   huuae  of  a  custonier  it  is 
necessary  to  select  a  size  which  will  meet  his  tnjirh/ium  re- 
qnircments.      Hence,  if  his  usual  custom  is  to  use  a  maxi- 
mum of  30  lamps,  but  on  some  few  exceptional  occasions  to 
use  45  lamps,  then  generally  speaking- a  HO-light  transformer 
would  be  put  in.     Moreover,   transformers  being  nnl}'   made 
in  certain  standard  sizes,  if  his  maximum  lamps  in  use  are, 
say,  17  in  number,  he  would  have  to  be  provided  with  a  20 
or  25-light  transformer.     Three  things  follow  from  this  :  first, 
the  transformers  all  over  the  supplied  area  are,  on  the  average, 
worked   very   considerably    below    their   full   capacity,    hence 
arises,  generally  speakiug,  a   very  moderate   or  perhaps  lov 
efficiency  of  transformation.     Second,  there  is  an  unproductive 
capital  outlay  in  transformers,  for,  generally  speaking,  about 
25  per  cent,  more  total  maximum  capacity  has  to  be  provided 
than  is  represented  by  the  total  maximum  nun»bcr  of  lamps  in 
use.     Third,  the  transformers  being  always  connected  to  the 
primary  mains,  take  up  and  waste  energy,  even  when  no  lamps 
are  put  on,  this  being  usually  called  "the  waste  due  to  mag* 
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netizing  current."  It  is  difficult  or  Lmposaible  to  make  -Any 
general  statements  as  to  the  total  effect  of  these  caiiaea  in 
determining  the  ratio  between  the  total  units  of  electric  energy 
supplied  to  the  primaries  of  all  the  transformers  and  that 
utilised  on  the  secondary  side  ;  but  the  coal  consumption  of 
many  stations  working  with  distributed  transformers  shows 
that  the  ratio  is,  in  some  cases,  as  much  as  two  to  one ;  that 
is  to  say,  one  half  the  energy  supplied  by  the  dynamos  is  use- 
lessly dissipated. 

The  system  of  distributed  transformers  has  been  properly 
called  a  good  pioneer  system,  and  it  is  not  too  much  to  say  that 
without  its  employment  one-half  of  the  electric  lighting  supply 
business  now  existing  could  not  have  been  built  up.       When 
this  distributed  transformer  system  is  employed  it  is  necessary 
to  6nd  on  each  customer's  premises  a  place  in  which  to  inst&l  the 
transformers.  Some  Supply  Companies  build  a  brick  transformer 
bouse,  a  small  fireproof  structure,  costing  about  on  an  average 
from  £4  to  £10,  placed  in  some  area,  yard,  or  cellar.    Others  find 
a  dry  corner  in  some  basement  cellar  or  outhouse,  and  euulose 
the  transformer  in  a  watertight  iron  case  and  tix  it  to  a  wall. 
The  transformer  or  transformers  have  then  to  be  provided  with 
a  pair  of  primary  fuzes,  long  enough  to  prevent  an  arc  starting 
across  the  t-emiinals,  and   a   high-tension  double-polo  switch. 
On  tlio  low-tension  side  also  has  to  be  provided  a  ])air  of  low- 
tension  fuzes,  a  double-pole  house  or  service  switch,  and  an 
electric  meter.      Also  the  British  Board  of  Trade  require  an 
"earthing"  safety  device  to  prevent  the  high-tension  current 
ever  entering  the   house  conductors.      In  the  overhead  wire 
systems  in  use  in  America  and  elsewhere  the  transformer  is 
frequently  placed  outside  the  house  affixed  to  the  roof  or  walls, 
and  a  lightning  protector  has  then  to  be  fitted. 

In  the  aub-centre  system  or  transformer  sub-station  system 
each  consumer  is  electrically  fed  from  an  underground  or  over 
head  low-pressure  service  network,  which  is  kept  supplied  at 
certain  points  by  means  of  transformer  centrea  In  carrying 
out  this  system  in  its  most  perfect  manner  the  district  to  be  lit 
should  be  mapped  out  into  small  areas  of  not  more  than  40Cy 
yards  in  diameter,  that  is,  into  circular  areas  of  200  yards 
radius  or  squares  of  400  yards  diameter.  The  centres  of  these 
areas  should  be  chosen  at  points  at  which  oouvenieat  rooms  or 
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transformer  chambers  cau  bo  obtained  in  which  to  locate  the 
transformers.  The  transformer  chambers  may  be  excavations 
made  below  ground.  In  each  of  these  ureas  low-pressure  net- 
works of  conductors  should  be  laid  down.  Since,  at  a  current 
density  of  1,000  amperes  per  square  inch,  the  drop  in  volts  in 
m  coppor  conductor  is  2J  volts  per  100  yards,  it  is  advisable  to 
have  the  areas,  if  possible,  rather  smaller  than  the  above- 
named  size.  To  these  low-pressure  networks  the  house  services 
are  connected,  and  even  quite  smaU  consumers  of  one  or  two 
lamps  can  be  profitably  connected  in  this  case.  Each  con- 
sumer has  simply  a  meter,  low-pressure  fii7^s,  and  double-pole 
house  switch  installed  on  his  premises.     The  centre  of  this  net- 
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work  of  low-pressure  conductors,  or  the  feeder  conductors  of 
this  network  if  they  are  employed,  is  joined  to  an  omnibus  bar 
in  the  sub-station,  to  which  can  bo  connected  at  pleasure  any 
or  all  of  a  group  of  transformers  placed  in  the  sub-centre. 
These  transformers  all  take  primary  current  from  a  high- 
tension  primary  main  which  enters  the  room,  and  by  means  of 
suitable  switches  each  transformer  can  be  disconnected  or  con- 
nected on  its  primary  and  on  its  secondary  side  to  the  primary 
and  secondary  omnibus  mains  (sec  Fig.  25).  The  separate 
secondary  networks  may  be  all  kept  perfectly  independent  of 
each  other,  or  they  may,  as  suggested  by  Mr,  Swinburne,  be 
joined  together  by  1  to  1  transformers  enclosed  in  iron  boxes 
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buried  in  the  ground.  The  district  to  bo  lit  is,  there  Tore, 
aerred  with  a  scries  of  high-pressure  truuk  lines  radiating  fron^ 
an  "  eccentric "  station,  each  of  which  terminates  in  a  trans- 
former hoviso  or  chamber,  as  above  described.  These  trans- 
former houses  can,  if  the  soil  is  dry.  be  excavations  in  the 
ground,  or  subterranean  rooms  reached  by  an  iron  door  and 
ladder.  The  immense  advantage  which  this  system  has  is  that 
the  supplie<l  t^rea  is  cut  up  into  sub-areas  of  supply,  of  which  the 
networks  are  all  completely  independent.  A  fault,  or  "dead 
eartb,"ou  one  secondary  uotwork  does  uot  affect  the  others.  More- 
over, the  total  transformer  power  can  be  much  more  accurately 
proportioned  to  the  maximum  lamp-load,  and  small  consumers 
can  be  profitably  supplied.  If  those  sub-stations  each  supply 
enough  lights  to  make  it  worth  while  to  keep  an  attendant  at 
them  constfintly  on  duty,  ho  can  connect  or  disconnect  the 
transformers  as  required  in  such  wise  that  the  transformers 
connected  to  the  system  are  always  kept  fully  loaded.  In  this 
way  the  waste  of  magnetising  energy  can  be  saved  and  the 
efficiency  of  transformation  kept  up.  Generally  speaking,  how- 
ever, it  would  not  pay  to  keep  an  attendant  at  all  the  sub- 
stations, and  hence  devices  have  been  invented  to  supply  the 
necessary  attention  by  means  of  an  automatic  switch.  These 
devices  have  not  as  yet  been  extensively  cmploytd,  for  the 
simple  rea'^on  that  in  tiardly  any  case  at  present  (1891)  has 
this  transformer  sub  system  metbod  of  distributiun  beeu  carried 
out  in  a  complete  manner ;  tbat  is  to  nay,  completely,  aud  with 
a  careful  and  deliberate  design.  Nearly  every  transformer 
supply  system  has  begim  on  the  distributed  transformer  method^ 
and  continued  it  when  begun. 

In  laying  out  a  transformer  system  on  the  distributed  trans- 
former method  the  engineer  should  have  regard  to  the  poaai. 
bility  of  converting  it  subse*iuently  into  a  sub-centre  systemj 
and  a  little  forethought  in  selecting  routes  and  Hnes  for  the 
main  high-pressure  conductors  will  enable  this  to  be  done.  In 
no  case  with  which  the  author  is  yet  acquainted  has  the  sub- 
station system  beeu  adopted  and  worked  for  a  suflicieut  time  to 
enable  a  proper  comparison  to  be  made  between  the  true  cono- 
mercial  results  of  alternate  current  and  direct  current  uiclhoda 
of  supply,  taking  the  best  possible  instxiices  of  both  kinds. 
Many  stations  exist  for  the  supply  of  direct  current  which 
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ahaOBt  ideal  in  their  perfection  of  workinj;  and  design,  and  in 
wblch  the  efficiency  of  generation  and  distribution  is  accurately 
known.  That  is  to  say,  the  units  of  electric  energy  produced 
at  the  dynamo  terminals  per  lb.  of  coal  used  is  known,  and  the 
ratio  of  the  imits  sold  or  delivered  to  customers  to  the  units 
generated,  called  the  efficiency  of  diitriftuHon,  is  also  known 
accurately  for  ench  month  of  the  year.  No  such  information 
is  yet  forthcoming  for  a  good  case  of  a  transformer  sub-centre 
system  of  supply.  It  is  manifestly  unfair  to  institute  compari- 
sons, as  is  often  done,  between  hiphly  perfect  systems  of  direct 
current  supply  and  imperfect  distributed  transformer  systems, 
with  very  poor  efficiency  of  diatributiou.  It  appears  probable 
that  with  transform ers  as  now  made,  UHed  on  the  distributed 
system,  and  kept  connected  all  the  2i  hours  to  the  primary 
mains,  the  mean  annual  coal  consumption  is  about  at  the  rate 
of  201b.  per  unit  of  electric  energy  sohl ;  whereas  in  the  good 
direct  current  supply  eystema  it  does  not  exceed  lOIb.  There 
is  no  reason  why  a  well-dt«igned  KVetem  of  transformer  sub- 
centres  shuuUi  nut  exhibit  a  coal  economy  quite  equal  to  that 
of  any  direct  current  system,  and  be  possessed  at  the  same  time 
of  much  grtvitiT  flexibility  and  iH>wcr  of  extonsion,  as  well  as  of 
all  the  advanta^^cH  derivable  frnni  a  itinerating  statinu  situated 
in  the  best  position  outaide  the  area  of  supply.  In  such  case 
the  secondary  networks  can  be  laid  down  on  the  three-wire 
aystcm,  and  thus  the  economical  area  of  low-pressure  supply 
increased  beyond  a  radius  of  200  yards.  A  beginning  has  been 
made  in  adopting  this  sub-centre  system  at  Rome,  and  some 
electric  stations  in  Kngluud  are  boiug  ])rojectcd  and  designed  on 
this  plan.  The  full  advantages  of  this  aub-station  method  are 
only  to  be  derived  if  the  transformers  are  disconnootcd  from  the 
mains  when  not  fully  loaded,  so  oa  to  curtail  the  waste  of 
magnetising  current.  This  can  occasionally  be  done  by  hand 
by  switches  operated  from  the  outside  of  the  transformer  room 
as  at  Rome,  but  the  desirable  thing  is  that  it  shouhl  be  accom- 
plished by  automatic  switches. 
^^  It  is  impossible  within  the  limits  of  this  chapter  to  fully 

^B         discuss  all  the  arguments  for  and  against  the  transformer  sub- 
^^  system  method  of  working.     Mr.  Kapp  first  strongly  advocated 

^  this  mode  of  distribution  in  1887  in  a  Paper  in  IndustrieSi  on 

^H         December  2nd,  1887.     Mr.  Crompton  also  fully  discussed  it  in 
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his  paper  on  "Central  Station  Lighting."  (See  Electrician^Voh 
XX.,  p.  634  ]*  also  Journal  Soc.  Td.  Eng.,  Vol.  XVIL,  p.  350.) 
And  Mr.  Swinburne  has  also  advocated  its  employment  in  a 
Paper  on  "Transformer  Distribution,"  read  before  the  Institu- 
tion of  Electrical  Engineers  on  February  19th,  1891.  (See 
Electrician,  Vol.  XXVI.,  p.  547  ;  also  Froc.  JntU  EUc*  Enf/^ 
Vol.  XX.,  p.  163.) 

§14.  Automatic  Change-over  Switches. — Many  inventora, 
Bucb  as  Mr.  Ferranti,  Mr.  Mordey,  Mr.  Kapp,  and  Mr.  Tomliu- 
flon,  have  applied  their  ingenuity  to  devising  automatic  switches 
which  shall  conneot  or  disconnect  transformers  from  a  commou 
bar  according  as  the  secondary  load  is  varied.  The  idea 
embodied  in  these  appliancns  is  to  provide  each  building  or 
customer  or  group  of  customers  or  sub-station  with  two  or 
more  transformers.  A  small  transformer  just  eqtial  to  doing 
the  daylight  work  which  is  always  connected  to  the  mains, 
and  a  larger  transformer  designed  for  high  euouomy  which  is 
put  on  or  off  automatically  as  the  load  varies.  This  change  is 
intended  to  be  effected  by  an  automatic  change-over  switch, 
which  is  operated  by  the  current  from  the  little  transformer. 
When  the  secondary  current  taken  out  of  this  last  is  increased 
beyond  a  certain  limit  it  is  made  to  actuate  a  relay  which 
closes  the  circuit  of  one  or  other  of  two  electro-magnetic 
solenoids  or  starts  a  motor,  and  this  motor  or  magnet  is 
intended  to  close  a  switch  and  throw  in  a  large  transformer. 

The  perfecting  of  such  an  apparatus,  if  it  can  be  accom- 
plished, would  provide  a  means  whereby  the  efl&ciencyof  distri- 
butiou  of  a  distributed  transformer  system  could,  be  brought 
lip  into  line  with  that  of  a  direct  current  station.  It  is 
generally  stated  that  the  loss  of  energy  by  the  continuous 
flow  of  magnetising  current  shows  itself  in  a  marked  manner 
in  the  coal  bills  of  a  distributed  transformer  system  station ; 
and  there  is  reason  to  believe  that  the  allegation  has  con- 
Bideruble  truth. 


*  A  luug  and  ardent  diiwuKiiioii  followed  the  reading  of  Mr.  Crumpton'a 
Fliper,  in  which  the  use  of  traosFormer  centrejj  was  chiefly  advocftted  by 
Mr.  Kapp.  Mr.  Rapp  read  also  in  the  same  year  (1B88]  a  Paper  on  "Trans- 
fbrmera  "  (see  Joutfud  &oc.  TeL  Enff.,  Vol.  XVII.,  p.  117J,  in  which  he  alao 
nferred  to  the  same  matter. 
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Mr.  Tomlinson'B  automatic  switch  is  in  principle  as 
follows : — A  bank  of,  say,  five  groups  of  transformers  of  equal 
capacity  is  arranged.  One  group  of  these  is  permanently  con- 
nected to  the  primary  omnibus  and  secondary  omnibus  mains 
of  the  sub-station.  The  automatic  regulator  consists  of  a  series 
of  four  double-contact  switches,  which  put  each  of  the  other 
groups  into  connection  both  on  the  primary  and  on  the 
secondary  aide  as  the  demand  for  current  requires.  The 
switches,  which  throw  in  the  transformers,  are  turned  over 
by  a  carriage  in  the  form  of  a  double  wedge,  which  runs 
backwards  and  forwards  along  the  bed- plate  of  the  machine  j 
and,  as  it  passes,  each  switch  throws  over  a  tumbling  lever, 
which  afcrikos  the  switch  into  or  out  of  action. 

As  the  primary  and  secondary  circuits  are  broken  together, 
there  is  little  or  no  spark. 

This  carriage  is  moved  by  an  endless  chain  actuated  by  two 
weights,  which  ore  releaae^l  respectively  by  two  electro-magnets. 
The  large  weight,  which  takes  the  trausformers  out  of  circuit, 
has  to  be  wound  up  once  a  week,  and,  as  it  takes  out  the  trans- 
formers, it  at  the  same  time  winds  up  a  smaller  weight  ready 
to  put  them  in  again.  If  any  failure  whatever  of  the  large 
driving  weight  occurs,  or  if  the  attendant  forgets  to  wind  it 
up,  the  small  weight  is  always  ready  to  put  the  whole  of  the 
tranaformera  iuto  circuit,  and  must  do  this  before  the  appa- 
ratus becomes  inoperative. 

The  mechanism  is  started  by  an  eleotro-magnotio  release, 
which  is  worked  from  the  generating  station  by  a  special  wire. 
A  double  relay  is  provided,  placed  in  the  secondary  circuit 
of  the  6xed  transformers.  As  soon  as  the  current  exceeds  full 
load  a  contact  is  made,  and  a  small  current  is  sent  through  one 
of  the  magnets  of  the  ap[>anitns  along  a  wire  to  the  central 
station,  where  it  passes  through  a  chokiug  coil  and  a  bell.  On 
the  beU  ringing,  the  attendant  knows  that  more  transformers 
must  be  put  in,  and  ho  puts  down  a  switch,  which  short  circuits 
the  choking  coil  and  bell,  and  allows  a  suflicient  current  to  pass 
to  actuate  the  magnet  and  put  a  sufficient  number  of  switches 
In.  If  the  attendant  should  inadvertently  bold  down  his  con- 
tact-key too  long  the  mistake  will  be  corrected  by  the  appara- 
tus, as  the  circuit  will  break  at  the  relay,  and  the  machineiy 
will  cease  to  act.     The  magnet  for  taking  out  transformers  is 
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actuated  in  a  precisely  similar  manner  by  the  other  part  of  the 
relay,  which  acta  when  the  current  in  the  fixed  trausformen 
falls  to  less  than  half  load. 

Mr.  Kapp'a  automatic  switch  ia  shown  in  f^eneral  design  in 
Fig.  26.  In  this  appliance,  as  in  Mr.  Ferranti'a  switch,  there  U 
a  small  transformer,  Tj,  permanently  connected  to  the  mains. 
If  the  secondary  current  going  out  from  this  exceeds  a  certain 
value,  then  a  relay  magnet  and  motor,  M,  are  energised,  which 
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Fig.  26. — Gcnenil  Floa  of  Conneotiona  of  Mr.  Kapp'e  Automatao 
TntoBformer  Switch. 

throws  over  a  contact,  and  puts  in  another  group  of  trans- 
formers, Tg,  by  closing  a  double  switch  K. 

Some  such  apparatus  as  the  above  described  will  have  to  be 
employed  in  connection  with  transformer  sub-stations,  in  all 
cases  in  which  transformers  are  employed,  which  have  not  very 
high  efficiencies  at  low  loads,  to  avoid  the  waste  of  energy 
caused  by  the  core  hysteresis  during  all  tho  24  hours. 

Many  engineers,  whilst  admitting  that  apparatus  of  this  kind 
can  be  got  to  work,  do  not  look  with  much  approval  upon 
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automatio  machines,  which,  however  perfect  iu  principle,  are 
yet  not  invariably  found  to  act  as  perfectly  in  practice. 

Accordingly,  Boine  umkors  of  tranaformora,  hke  Mr.  Mordey, 
look  for  a  way  out  of  the  difficulty  by  designing  transformers 
having  small  internal  waste.  It  is  not  beyond  possibility  that 
some  way  may  be  found  of  annulling  the  ett'ccta  of  hysteresis 
in  the  core,  and  thus  rendering  unneoessary  the  sovorance  of 
the  transformer  during  light  hours  of  work.  The  possibility 
of  employing  automatic  switches  to  throw  on  and  off  trans- 
formers has  been  demonstrated  in  practice  on  a  small  scale, 
but  it  remains  to  be  seen  how  far  they  are  absolutely  to  be 
depended  upon  in  extensive  use. 

§  15.  Safety  Devices — It  is  not  an  uncommon  thing  for  the 
higb-presfiure  curreut  to  rupture  the  insulation  of  a  transfor- 
mer and  make  conuectioua  between  the  high  and  low  pressure 
ooils.  A  diaobarge  may  take  place  between  one  end  of  the 
high-pressure  coil  and  the  irm  core,  or  one  or  more  high- 
pressure  coiN  may  get  bhort-circuiled,  and  in  this  case  the 
insulation  of  the  hit^li-preasure  coil  gets  destroyed.  If  this 
bap[)ens,  the  luw-prcts^ure  coils  also  got  injured  uud  the  tinal 
result  may  bo  tliit  one  or  both  sides  of  the  secondary  coil 
becomes  connected  to  the  bij^h  pressure  circuit.  Under  these 
oiroomstaticE^  an^'one  touching  the  secunJary  circuit  or  any 
lamp  or  Ktting  mi^^ht  receive  a  shook  injurious  or  fatal. 
Accorditigly,  it  wfia  early  seen  that  in  tranKformcr  working  it 
would  be  necessary  to  iutroduce  some  form  of  safety  device 
which  shnuM  render  it  impossil)le  for  luipleasant  results  to 
happen  under  nny  such  circumstances. 

In  1888  Major  Cardew  brought  forward  the  first  design  for 
Bucb  a  safety  device,^  and  has  subaequoutly  improved  it.  The 
nature  of  this  device  consists  in  providing  a  means  by  which, 
whenever  the  secondary  circuit  is  raised  in  potential  above  the 
earth  by  6ay  400  voltt^,  the  secondary  circuit  is  automatically 
put  '*to  earth.'*  As  long  as  the  potential  of  the  secondary 
circuit  does  not  exceed  or  fall  below  that  of  the  curth  by  a 
dangerous  amount,  the  secondary  circuit  is  insulated,  but  on 
that  amount  betnt;  exceeded  a  good  contact  ia  made  between 

•  See  Jtmrmi  Soc,  Tel.  Ewj.,  Vol.  XVIF.,  1888,  p.  179, 
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it  and  the  earth.  The  device  as  shovm  in  Fig.  27  consists  of 
two  brass  plates  placed  near  but  insulated  from  each  other. 
Between  these  lies  a  thin  foil  of  aluminium  which  is  retained 
in  position  by  ebonite  pegs.  One  plate  ia  connected  to  earth 
and  the  other  to  the  secondary  circuit.  A  flat  projection  iB 
formed  on  tbe  upper  plate  over  one  end  of  the  foil,  so  that  aa 
soon  as  a  difi'ereace  of  400  volts  is  established  one  end  of  the 
foil  lifts  by  statio  attraction  and  a  metallic  contact  is  made 
between  the  two  plates.  The  main  primary  fuses  are  then 
immediately  severed  by  the  increase  of  current,  and  the  supply 
cut  ofi'.     The  two  plates  ore  insulated  by  ebonite  rings  and 


Flo.  27. — 3fajor  C&rdew'fl  "  Tlarthinj;  Device"  for  protecting 
Tnuiafonuer  Circuits. 


are  securely  bolted  together,  so  that  after  being  tested  no  skill 
is  required  to  fix  them.  These  plates  are  carried  by  braaa 
clipping  springs,  to  which  the  connections  are  permanently 
made,  so  that  the  act  of  sliding  in  the  discs  mokes  the 
necessary  connections.  It  is  evident  that  the  apparatus  can 
be  modified  to  act  as  a  relay  and  cut  off  both  poles  of  the 
secondary  if  required.  This  apparatus,  called  an  "earthing 
device,"  has  been  extensively  used  in  connection  with  trans- 
former  systems.  Other  means  have  beeu  from  time  to  time 
suggested  to  obviate  the  danger  anting  from  a  possible  invafiion 
of  the  high-pressure  current  into  the  secondary  wires.     OuQ  of 
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the  first  of  these  is  that  of  '*  permanently  earthing  "  the  second- 
ary system  on  one  pole.  This  was  apparently  first  suggested 
by  Prof.  Elihu  Thomson  in  1885,*  and  again  independently  by 
the  author  in  1885.  Profs.  Ayrton  and  Perry  claim,  however, 
to  have  used  the  device  as  far  back  as  1883.  The  argument 
in  favour  of  earthing  the  secondary  circuit  is  that,  being  so 
pennaneatly  connected  to  earth,  it  is  impossible  for  the  cir- 
cuit as  a  whole  to  be  raised  or  lowered  below  the  earth  in 
potential.  Against  this  it  is  said  that  earthing  the  second- 
ary circuit  introduces  another  danger,  in  that  only  one  other 
earth  is  then  required  on  the  secondary  circuit  to  produce  a 
"dead  cross"  or  short  circuit,  and  that  dangers  from  fire  are 
thus  increased.  The  insurance  otBces  and  British  Board  of 
Trade  have  decided  not  to  permit  this  method. 

Another  method  described  by  Prof.  Elihu  Thomson  in  ]  886, 
and  subsequently  by  Mr.  Kent,  is  to  introduce  a  metallic  sheath 
properly  slit  between  the  primary  and  secondary  coils  of  the 
transformer  and  to  connect  this  sheath  to  earth.  A  third  and 
better  method  employed  by  the  Thomson-Houston  Company  is 
to  use  ayi/m  aU-out,  that  is  a  thin  prepared  piece  of  pa])er  placed 
between  two  metallic  contacts,  and  which  paper  is  pierced  when 
the  pressure  between  these  contacts  exceeds  a  certain  amount. 
Tn  using  this  film  cut-out  a  pair  of  films  are  placed  on  either 
side  of  a  contact  plate  connected  to  earth,  and  outside  these 
films  plates  connected  to  the  two  secondary  conductors.  Thus 
each  side  of  the  secondary  circuit  is  only  separated  from  an 
earth  connection  by  means  of  a  thin  film  which  can  be  arranged 
to  be  jjerfectly  insulating  at  100  volts  but  to  pierce  directly  it 
subjected  to  1,000  volts.  In  case  of  invasion  of  the  low-pres- 
sure circuits  by  the  high-pressure  current  this  film  is  pierced 
on  one  or  both  sides  and  puts  the  secondary  wire  to  earth,  at 
the  same  time  causing  the  primary  fuses  to  **biow  out." 

One  great  feature  of  the  sub-centre  system  is  the  abolition  of 
all  special  devices  of  this  kind  on  customers'  premises,  and  the 
substitution  of  one  single  similar  device  at  the  sub-station,  where 
it  is  under  the  immediate  constant  inspection  of  an  expert. 

Mr.  Ferranti  has  designed  an  ingenious  device  for  guarding 
against  the  risks  of  an  "  earth  "  on  one  aide  of  the  secondary 

*  E.  TbomaoD'i  United  Sutea  patent,  No.  322,138,  April  27, 1885. 
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system.  Suppose  that  a  transformer  is  feeding  a  house  circuit 
from  its  secondary  terminals,  aud  that  an  '*  earth  "  is  made  ou 
one  pole.  This  is  a  potential  danger^  in  that  it  only  requires 
one  other  '*  eartli "  in  order  to  establish  a  dead  cross  on  that 
secondary  circuit,  and  hence  perhaps  cause  a  fire.  In  order  to 
indicate  a  partial  "earth"  on  the  secondary  circuits,  the  follow- 
ing arrangement  (show^n  in  Fig.  28)  is  adopted  : — 


.  iXo  Station. 
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Fia.  28. — Ferranti  •*  Earthing  Derice"  for  Transformer  Protection. 
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Acroaa  the  secondary  main  is  placed  a  pair  of  small  trana- 
formers,  the  primaries  of  which  are  in  scries  and  the  socoadarieB 
of  which  are  in  series,  but  so  joined  that  the  secondary  oleotro- 
motive  forces  of  each  oppose  each  other.  The  middle  or 
junction  point  of  the  primary  circuits  of  the  two  small  trans- 
formers is  put  to  earth.      The  secondary  circuit  of  the  small 
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transformers  ia  completed  through  a  sroall  fuse  wire,  which 
holds  up  a  conical  weight.  If  one  side  of  the  aecondary  mains 
ia  put  to  earth,  fully  or  partially,  then  one  of  the  little  traiia- 
formers  ceases  to  produce  current,  and  the  balauoe  of  electro- 
motive forcea  in  the  secondary  circuits  being  upset  the  fuse 
wire  is  traversed  by  a  current  and  melted.  The  conical  weight 
then  drops,  and  is  made  to  fall  into  a  split  cup  consisting  of 
three  contacts,  two  being  connected  to  the  secondary  mains  and 
one  being  "  an  earth."  The  secondary  mains  are  thus  both 
dead  earthed,  and  the  main  fuses  on  the  primary  of  the  supply 
transformer  blow  out.  Thus  the  apparatus  reveals  partial 
earth  on  the  secondary  circuits  ;  and  if  the  resistance  of  these 
earths  is  below  a  certain  amount  it  makes  it  known  by  putting 
the  lights  out. 

§16.  Choice  of  Frequency. — In  connectioa  with  an  alternating 
current  station  the  selection  of  the  frequency  of  alternations  at 
which  to  work  ia  important.     The  most  usual  working  frequen- 
cies range  from  40  to  130  complete  alternations.     American 
practice  favours  the  higher  number.     This  is  dune  because  it 
enables    small    transformers   to    be    built    with    a    moderate 
amount  of  iron  in  the  cores,  giving  at  the  same  time  a  small 
magnetising  current.     This  is  advantageous  for  systems  of  dis- 
tributed trausformers.     The  American  system  of  transformer 
working  is  to  employ  as   far  as  possible  small   transformers 
working  on  separate  secondary  circuits  on  which  all  the  lights 
are  generally  all  '*on'*  or  all  "off"  together.     Hence,  "secon- 
dary drop"  becomes  relatively  unimportant,  whilst  a  reduction 
of  magnetising  current  is  very  important  from   the  point  of 
Tiew  of  plant  efficiency.     I  a  the  Ganz  stations  in  Europe  the 
lower  frequency  ia  adopted,  on  account  of  the  greater  facility 
that  it  gives  for  working  the  alternators  in  parallel,  and  also 
giving  slower  dynamo  speeds,  thus  admitting  of  direct  driving. 
The  English  practice  is  to  get  in  between  the  two  limits  and  to 
take  80  to  100  as  the  frequency.     There  is  no  doubt,  however, 
that  the  tendency  is  to  lower  alternations.     Low  frequencies 
not  only  mean  greater  ease  in  parallel  working  of  alternators, 
but  mean  greater  ease  of  motor  working  for  small  and  large 
motors.     By  a  auitable  proportioa  of  iron  in  the  transformer 
cores,  the  magnetising  current  can  be  kept  down;  and  as  the 
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future  of  altemjite-current  working  will  certainly  be  in  ths 
direotioQ  of  employing  economicHl  large  transformcrtt  in  sub- 
stations, the  question  of  bulk  of  transformer  will  not  be 
material.  It  is  not  improbable  that  a  frequency  of  from  40 
to  50  will  be  found  in  the  long  run  to  be  the  best  in  every 
way,  when  two-curreut  alternating-current  motors  are  perfected 
for  use  on  ordinary  alCcmating-current  circuits. 


§  17.  Begulation  of  Pressare. — In  any  system  of  electric 
supply  for  lamps  arranged  iu  parallel  it  is,  or  ought  to  be,  ia 
the  power  of  the  euperintendeuc  of  the  generating  station  to 
keep  as  nearly  as  possible  a  constant  potential  between  the 
terminals  of  all  the  lamps.  That  it  shall  be  possible  to  du  this 
necessitates  careful  prevision  in  the  design,  and  in  many  exitit- 
ing  alternating-current  stations  much  ia  left  to  be  desired  in 
this  respect.  In  a  system  of  distributed  transformers,  between 
the  lamps  and  the  dynamo  three  causes  of  variation  of  prosaure 
exist,  even  assuming  constant  preaauro  kept  at  the  terminals  of 
the  dynamo.  First,  there  is  the  "  drop  "  in  pressure  in  che 
primary  leada  between  no  current  and  full  curreut  in  the  pri- 
mary circuit.  This  can  be,  and  is,  geneially  kept  within  two 
per  cent.  Second,  the  "  drop  "  in  the  transformers  between  no 
load  and  full  load ;  and,  lastly,  the  *'  drop "  in  the  hoi 
wiring.  If  the  drop  in  the  transformers  does  not  exceed  foi 
per  cent.,  which  is  not  always  the  case,  and  if  the  drop  in  tUe 
house  wiring  is  not  more  than  two  per  cent.,  we  have  a  total 
possible  drop  iu  pressure  at  the  lamp  termiuals  of  eight  per 
cent,  between  no  load  and  full  load,  even  if  the  pressure  at  tlie 
station  is  kept  constant.  There  are  many  otx&en  of  such  alter- 
nate-current supply,  in  which  the  variation  would  amount  to 
ten  or  twelve  per  cent.  If  all  the  trausfurmera  had  loads  im* 
posed  equally  at  the  same  iustuut,  und  were  all  of  the  same 
sixe,  it  would  be  possible  to  regulate  the  pressure  at  the  static 
to  so  vary  with  the  outgoing  current  that  the  pressure  at  the~ 
lamps  is  kept  constant.  This  is  roughly  done  in  practice  at  some 
alternating  stations  by  providing  the  engineer  in  charge  with  a 
table  of  amperes  and  volts,  showing  at  what  pressure  the  supply 
should  be  given  at  the  station,  corresponding  to  a  given  total 
output  in  amperes  to  maintain  pressure  at  the  lamps  fairly 
coustunt,    this   table   of   values   having   been  determined    bjT 
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experiment.  The  real  dilEculty,  ho^vever,  liea  in  the  fact  that 
the  trausfonuers  are  not  all  equally  loaded,  and  that  hence 
variations  in  pressure  occur  over  the  district.  On  the  distributed 
transformer  system  it  is  very  difficult  to  do  more  than  attempt 
to  keep  a  kind  of  average  constant  pressure,  and  to  aid  the 
result  by  the  employment  of  transformers  having  as  small  a 
secondary  drop  as  j>oaBiltIc.  U  ia  a  good  plan  to  so  select  the 
voltage  of  the  lamp  that  the  standard  pressure  is  kept  when 
the  transformer  is  about  half  loaded.  The  extreme  range  of 
drop  of  the  transformer  is  then  split  into  half  above  and  half 
below  the  normal  pressure.  If,  for  instance,  the  drop  in  a 
transformer  is  four  per  cent.,  and  the  transformer  is  so  wound 
as  to  give  100  volts  at  half  load,  and  supplies  100-volt  lamps, 
then  the  extreme  variation  of  pressure  on  the  lamps  between 
full  load  and  no  load  will  be  from  98  to  102  volta,  and 
the  effect  on  the  lamps  will  not  l>e  so  noticeable  as  if  the 
transformer  was  wound  to  give  its  normal  voltage  at  full 
load,  and  hence  to  rise  four  per  cent,  when  not  loaded  at 
all.  In  Chapter  II.  have  been  described  various  methods 
by  which  pressure  can  be  maintained  constant  at  the  far  end 
of  primary  circuits  independent  of  load.  It  is  quite  possible, 
both  by  the  methods  employed  in  the  Oanz  system  or  in  the 
Thomson-Houston  system,  to  slightly  over  compottnd^  or  over 
compensate  for  the  drop  in  the  primary  lines,  and  to  do  this  to 
an  extent  which  will  nearly  annul  the  drop  in  the  transformers. 
That  is  to  say,  the  pressure  at  the  terminals  of  the  primary 
circuit  of  the  house  transformers  is  made  to  slightly  increase 
at  the  time  when  the  majority  or  all  of  the  transformers  are 
fully  loaded.  If  these  bouse  transformers  are  all  under  pretty 
much  the  same  circumstances,  it  is  possible  to  secure  a  fairly 
constant  pressure  at  the  secondary  terminala. 

On  a  well-laid-out  system  of  transformer  substations  far 
better  regulation  could  be  kept.  In  the  first  place,  each 
secondary  network  would  be  laid  out  with  feeders  of  auch 
capacity  that  the  loss  of  pressure  in  the  seoondary  mains  could 
be  made  negligible.  By  a  proper  process  of  connecting  and 
disconnecting  the  transformers  according  to  the  variation  of 
load,  and  by  the  employment  of  transformers  with  very  small 
secondary  drop,  it  would  be  possible  to  preserve  a  very  uniform 
pressure  on  these  secondary  networks.     By  proper  regulating 
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apparatus  at  the  generating  station,  the  primary  pressure  at 
these  substations  oould  be  kept  constant  and  regulation  of 
secondary  pressure  secured  within  one  or  two  volts  on  each 
side  of  the  standard.  Irregularity  of  pressure  supply  not  only 
affeots  most  injuriously  the  life  of  incandescent  lamps,  but  it 
deprives  incandescent  lighting  of  one  of  the  chief  charms  which 
it  possesses  when  properly  regulated,  viz. — a  light  which  is 
absolutely  steady  and  calm,  and  hence  restful  for  the  eyes. 


CHAPTER    IV. 


THE    CONSTRUCTION    AND    ACTION   OF 
TRANSFORMERS. 

§  1.  The  Practical  Study  of  the  Transformer. — Provioua 
pages  have  been  occupied  with  the  historical  development  and 
modem  use  of  tmnsformers  in  electrical  distribution.  The 
attention  of  the  reader  will  in  the  present  chapter  be  directed 
to  questions  of  the  construction  and  the  mode  of  action  of  trans- 
formers as  at  present  made.  Tn  order  that  improvements  may 
be  effected  in  any  acting  appliaaoe  it  is  essential  that  its  true 
luelbod  of  working  sliould  be  properly  explored.  In  improving 
the  steam  engine,  James  Watt  felt  the  importance  of  this  pro- 
cedure ;  and  hence  invented  the  admirable  device  called  the 
steam-engine  indicator,  which  provides  a  means  by  which  the 
engineer  can,  as  it  were,  look  inside  the  steam-engine  cyUnder 
when  the  engine  is  working  and  discover  the  nature  of  the 
actions  therein  going  on.  Tn  the  same  way  a  true  practical 
knowledge  of  the  transformer  can  only  be  obtained  by  the 
application  of  some  method  enabling  the  relation  of  the  various 
currents,  electromotive  forces,  and  the  magnetic  induction  to 
be  definitely  known.  Considerable  attention  has  been  devoted 
to  this  matter  of  late  years,  and  the  results  of  such  examina- 
tions are  highly  interesting.  In  order  to  discover  what  is 
actually  going  on  in  the  circuits  of  a  transformer  we  must 
have  the  means  of  determining  at  every  instant  the  true 
instantaneous  values  of  the  currents  and  electromotive  forces 
and  of  the  magnetic  state  of  the  core.  This  necessitates 
that  we  shall  be  able  to  describe  or  delineate  the  curves 
representing  the  changes  of  current  strength  and  the  changes 
of  electromotive  force  or  induction.      Several  methods  have 
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been  devised  in  which  by  optical  methoda  an  insight  can  bo 
gained  into  the  form  aud  position  in  relation  to  each  other 
in  time  occupied  by  these  curves.  Some  of  these  will  be  de- 
scribed presently.  Meanwhile,  we  miiy  say  that  up  to  the 
present  the  most  useful  information  hns  been  gained  by  the 
application  of  a  method  apparently  first  anggeated  by  M. 
Joubert  in  July  1880,  aud  subsequently  employed  by  Dr,  Louis 
Duncan*  for  plotting  down  the  form  of  the  wave,  either  of 
electromotive  force  or  current  of  an  alternator.  A  general  ide* 
of  the  experimental  raeaus  by  which  the  exact  law  of  variation 
of  the  current  or  electromotive  force  in  an  alternating  current 
circuit  can  be  obtained,  is  as  follows. 

Suppose  the  end  of  the  shaft  of  an  alternator  to  be  provided 
with  a  projecting  piu  which  is  insulated  from  the  shaft,  bat 
connected  by  a  wire  with  one  collar  or  terminal  of  the  armature. 
Let  an  insulated  spring  be  ao  adjusted  that  this  pin  just 
touches  it  at  one  instant,  when  carried  round  by  the  shaft, 
and  let  the  spring  be  capable  of  movement  bo  that  the  instant 
of  contact  at  each  revolution  of  the  shaft  cau  bo  made  to  take 
place  at  any  assigDed  position  of  a  certain  bobbin  of  the  arma- 
ture with  reference  to  tho  field-magnet  poles.  Let  one  terminal 
of  an  electrostatic  voltmeter  or  electrometer  be  connected  to 
the  spring,  the  other  terminal  being  connected  to  the  end  of 
the  armature  and  which  is  not  in  connection  with  the  pin. 
Imagine  the  armature  set  in  rotation,  then  the  pin  makes  con- 
tAot  at  one  definite  instant  in  each  revolution  corresponding  to 
one  definite  instantaneous  electromotive  force  in  the  armature. 
Hence  the  voltmeter  is  as  tt  were  connected  for  an  instant  re- 
peatedly to  a  definitesouroe  of  potential  ;  and  if  the  speed  of 
revolution  of  the  dynamo  is  sufficiently  great  the  voltmeter  or 
electrometer  will  show  a  definite  deflection  corresponding  to  the 
electromotive  force  in  the  armature  at  the  instant  of  contact. 
By  moving  the  spring  into  positions  in  which  the  contact  is 
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*  See  a  Pnpor  by  Dr.  hti\xia  Duncftn  had  Mossra.  Hutchinson  &nd  Wilk«a 
in  the  EJectrieal  World  of  New  York  for  March,  1838,  referred  to  in  The 
JRectrieian,  Vol.  XXL,  p.  Ill,  on  June  1,  1388.  M.  Joubert'i  experiments 
are  described  in  the  Compte*  Rendu*  of  the  French  Academy  of  Sciences  for 
July,  1880,  (Vol.  XCI.  p.  161,  1880.)  M.  Joubert  employed  a  Sieuiena 
a.ceruator,  and  Ah>jwed  how  the  itisUutaneoua  values  of  the  current  and 
eleclromoUve  force  could  be  ohtaiucd. 
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made  at  equidistant  positions  of  the  armature  loop  from  its 
position  of  zero  electromotive  force^  we  can  determine  and  plot 
do^vn  to  acale  the  instantaneous  values  of  the  electromotivo 
force  during  one  entire  period  or  cycle  of  the  electromotive 
force  variation.  We  thus  can  obtain  a  graphic  representation 
of  the  electromotive  force  or  current  wave.  In  order  to 
obtain  current  curves  we  have  only  to  apply  the  same 
method  to  measure  the  potential  difference  at  the  ends  of 
a  non-induotive  resistance  inserted  in  the  circuit.  By  thus 
employing  a  revolving  contact  made  momentarily  at  definite 
positions  of  the  armature  loop  as  it  moves  through  the  ex- 
citing field,  we  can  pick  out  and  measure  instantaneous  values 
of  this  current  and  electromotive  forces  of  the  circuits 
of  a  transformer  fed  by  that  armature,  and  thus  construct  a 
series  of  curves  from  these  instantaneous  values  which  give 
ufl  the  form  and  relative  position  of  the  waves  of  current  and 
electromotive  force.  Such  a  set  of  diagrams  is  conveniently 
called  a  transformer  imlicator  diagram,  and  it  serves,  after  the 
manner  of  a  steam  indicator  diagram,  to  give  us  real  information 
about  the  actions  going  ou  in  the  intorior  of  a  trauaformer  when 
at  work.  This  method  has  been  particularly  put  in  practice  by 
Prof.  Harris  J.  Kyan  in  the  United  States,  and  in  what  follows 
we  shall  draw  largely  and  almost  verbally  from  an  interesting 
monograph  of  his  on  Transformers.* 

Prof.  Ryan  in  the  first  place  improved  and  adapted  the 
qn&drant  electrometer  for  the  object  he  had  in  view.  Ths 
essential  features  for  an  electrometer  for  these  purposes  ars 
that  it  shall  read  with  accuracy  through  a  very  wide  range. 
Its  indications  must  be  unvaried  by  the  absolute  potential  to 
which  it  is  subjected  as  a  whole.  \Xa  law  must  be  perfectly  defi- 
nite, and  it  is  also  desirable  that  its  constant  be  unchanging. 

Fig.  1  illustrates  this  instrument  in  diagram.  It  consist  essen- 
tially of  a  cylindrical  electrometer  needle  and  metallic  quadrants 
£.  D.  To  the  upper  side  of  the  electrometer  needle  is  attached 
«  magnetised  steel  mirror  that  acts  as  a  magnet  and  as  a  mirror 
for  observing  the  position  of  the  same.  The  needle  is  hung  by 
ft  single  silk  fibre,  U,  firom  a  hook  in  the  top  of  the  case,  as 


•  8«e  TVamoetfonf  of  the  American  Instiiutum  of  Electrical  Ewjine^rt, 
Vol  VU.,  Jan.,  1890.      Prof.  Harria  J.  RyanoD  Tranafonncre. 
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shown.  Metallio  contact  from  the  needle  to  the  case  is  made 
by  meana  of  a  platiuum  wire,  000210.  in  diameter.  This  win 
is  readily  provided  in  the  desired  form  by  using  the  platinum 
cored  silver  wire  that  is  supplied  by  makers  of  surveying  appA^ 
ratus.  It  is  cut  the  desired  length,  and  books  bent  into  shape  MM 
ita  terminals.  By  immersing  all  of  it  but  the  hooked  terminala  in 
nitric  acid,  the  silver  is  dissolved  away,  leaving  the  6ne  plati- 
num core  terminated  by  the  two  silver  hooks.  One  end  of  this 
platinum  wire  thus  prepared  is  linked  into  a  hook  into  the  top 
of  the  electrometer  case  and  the  other  end  into  a  small  ring 
formed  by  a  twist  of  the  aluminium  wire  that  surrounds 


Flu.  1.— Ryan  Combined  Eloctrometer  and  Galvanoineter. 


mirror  C.  The  electrometer  case  is  circular,  and  the  above 
needle  and  quadrants  are  arranged  so  that  the  magnetised 
mirror  is  at  the  centre  of  the  case,  and  the  needle  and  quad- 
rant) below  it.  About  the  case,  as  the  6gure  indicates,  is 
wound  a  coil,  B,  of  rather  fiae  insulated  copper  wire.  The 
magnetic  mirror  and  this  coil  theuj  when  the  latter  is  in  the 
magnetic  meridian,  constitute  an  arrangement  similar  to  that 
of  a  tangent  galvanometer.  In  the  electrometer,  the  needle 
case  and  one  set  of  quadrants  are  connected  together  and  form 
one  terminal,  and  the  other  set  of  quadniiits,  being  connected 
together,  form  the  other  terminal  of  the  instrument,  in  the 
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manner  set  forth  in  the  diagram.  Tbiis,  when  the  electro- 
meter terminaU  are  subjected  to  a  difference  of  potential,  the 
'needle  ia  acted  upon  by  a  couple  brought  about  by  the  electro- 
static forces,  and  is  deflected  from  its  position  of  equilibrium. 
Then,  as  is  shown  in  Fig.  l,  current  from  a  Daniell's  gravity 
'Oell  in  circuit  with  a  suitable  rheostat  is  sent  through  the  coil 
on  the  electrometer  in  such  a  direction  that  the  needle  is 
brought  back  to  its  zero  position  by  the  action  of  the  current 
in  the  coil  on  the  magnetised  mirror.  The  current  is  then 
further  adjusted  uncil  the  needle  stands  balanced  at  zero  under 
the  mutual  action  of  the  electrostatic  and  the  electromagnetic 
forces.  Under  such  circumstances  the  difference  of  potential 
of  the  electrometer  terminals  is  proportional  to  the  square 
root  of  tlie  strength  of  the  balancing  current. 

If  we  can,  as  was  the  case  when  the  measurements  here  pre- 
sented were  made,  consider  the  E.M.F.  of  our  cell  constant,  the 
difference  of  potential  is  likewise  proportional  to  the  square 
root  of  the  reciprocal  of  the  total  resistance  in  circuit  with 
the  cell.  Parallel  readings,  taken  with  a  standard  voltmeter 
throughout  a  range  varying  from  3  to  600  volts,  gave  confirma- 
tory results,  showing  no  deviation  from  the  above  law  and  an 
unvarying  constant.  On  account  of  the  metallic  case  and  ita 
connection  to  the  rest  of  the  apparatus,  the  indications  of  the 
electrometer  are,  so  far  as  could  be  observed,  entirely  indepen- 
dent of  the  absolute  potential  to  which  it  is  subjected  as  a 
whole.  AVhen  contact  was  made  with  the  alternator  inter- 
mittently, and  the  electrometer  charged  to  the  potential 
difference  to  which  its  terminals  were  then  subjected,  it  was 
found  that  considerable  part  of  the  charge  was  dissipated  by 
leakage  during  the  course  of  a  revolution  of  the  armature,  no 
matter  how  good  the  insulation  of  the  api>aratu5  might  be. 
A  one-half  microfarad  mica  ooudenser  was  then  placed  iu 
multiple  arc  with  the  terminals  of  the  electrometer.  After 
a  few  revolutions  of  the  armature  the  condenser  became 
charged  to  precisely  the  same  difference  of  potential  existing 
at  the  terminals  of  the  electrometer  when  the  rotating  edge  oa 
the  armature  passed  the  tip  of  the  tongue  on  the  shaft. 

Under  these  circumstances  the  leakage  that  occurred  waa 
entirely  negligible  as  compared  with  the  charge  iu  the  con- 
denser during  the  course  of  time  required  for  the  armature  to 
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eould  ftt  Any  time  be  read  from  the  electrometer  by  khort-cir* 
coitiog  the  ooatact  appumtua,  and  cutting  oat  the  coodtomer. 

Being  tbtu  provided  with  an  electzximeter,  the  aoale  rwwTingB 
of  which  were  known  in  volte,  the  next  tiep  was  to  arrange  an 
apjjftrattu  by  which  this  electrometer  was  oonnected  to  the 
terminala  of  an  alternator  for  a  small  fraction  of  a  second  at 
each  rerolutioD  exactly  at  an  assigned  position  of  the  armature 
tn  (ti  propose  through  the  field.  A  \iO\nt  on  the  annature  of 
an  alternator  always  passes  a  fixed  point  at  a  time  corresponding 
to  a  definite  instantaneous  value  of  the  varying  E.M.F.  or  cur- 
rant in  it,  no  matter  whether  we  regard  these  quantities  in  the 
armature  or  in  the  transformer  prim.iry  or  secondary  circuit  so 
lonf(  as  the  conditions  remain  constant.  These  experiments  ^-ere 
only  oonoemed  with  the  values  of  the  E.M.F.  impressed  at  the 
terminals  of  the  primary  circuit,  of  the  transformer  or  with  the 
priniiiry  current  and  the  secondary  E.M.F.  ;  hence  by  changing 
tlm  |>(Mition  of  the  Bxed  poiut  relative  to  the  machine,  the 
rr)tatint(  point  of  reference  in  the  armature  would  pass  the  new 
ponition  of  the  Hxed  [)oint  at  corresponding  different  values  for 
iUo  primiiry  K.M.F.,  primary  current,  and  secondary  E.M.F. 

In  Fig.  2,  B  L  is  a  prism  of  ebonite,  bearing  a  projecting 
stri])  of  brass,  R,  of  which  the  upper  side  is  filed  to  a  dull 
odgo.  This  edge  is  taken  as  a  fixed  point  on  the  armature.  An 
arm,  F  D,  is  arranged  to  rotate  about  D  as  a  centre,  which 
point  is  in  line  witli  the  axis  of  rotation  of  the  armature.  A 
•cmi-ciroular  board  of  hard  wood,  attached  rigidly  to  the 
dynamo  frame,  serves  both  as  a  support  for  this  arm  and  a  cir- 
cumforontial  scale  whereby  the  position  of  the  arm  may  be 
obierved  relatively  to  the  machiue.  The  ann  is  made  of  brass' 
and  given  the  form  shown  in  the  figure.  It  was  bent  into  a  U 
shape  at  the  top,  so  as  to  pinch  the  board  and  thus  remain  fixed 
in  any  position  desired.  At  the  top  of  this  arm  is  mounted  m 
bar  nf  ebonite,  projecting  towards  the  dynamo  parallel  to  the 
armature  axis.  On  its  under  side,  fasteued  at  G,  is  a  brass 
■trip,  a  tongue,  H  A,  of  spring  brass  is  attached  at  the  end  and 
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&t  right  angles  to  the  brass  strip  H  O,  as  ahown.  The  position 
of  this  part  of  the  apparatus  is  carefully  adjusted  so  that  the 
point  about  which  the  arm  rotates  is  in  line  with  the  axis  of 
rotation  of  the  armature  and  the  sharply  upward  curved  end  of 
the  tongue  H  A^  just  over  the  edge  at  the  brass  strip  at  6. 
Then  when  the  armature  is  rotated  the  strip  H  O  may  be 
bent  inward  radially  by  turning  tlie  thumb-screw  N,  until 
the  tip  of  the  tongue  A  is  heard  to  just  lightly  touch  the  edge 
at  B  as  it  passes.     The  arm  may  then  be  adjusted  by  hand  so 


Tta,  2. — ^Revolving  CooUct  Breaker  on  Armatura  Shaft  of  Altero&tor. 


that  the  tongue  will  touch  the  fixed  edge  on  the  armature  at 
any  desired  phase  of  the  primary  E.M.F.,  primary  current  or 
secondary  E.M.F,  and  current.  Coaxially  with  the  armature  a 
small  brass  rod  is  mounted  on  the  bar  of  ebonite  B  L.  It  is 
connected  metallically  to  B  by  means  of  a  wire.  At  O,  on 
the  frame-work  supporting  the  semicircular  boards  Ac,  is 
mounted  another  piece  of  ebonite,  insulating  and  supporting 
the  thin  metallio  strip,  P  C,  that  bears  against  the  above  brass 
rod.      Q  and  I  then  are  the  terminals  of  this  contact  apparatus. 
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In  Fig.  3,  F  IB  a  non-inductive  resiBt&nce,  In  neriea    with 

the  primary  of  the  transformer  under  test.  At  A  is  the  appik- 
ratus  described  in  Fig.  I,  and  E  is  the  above  described  electro- 
meter reading  through  a  wide  range. 

The  terminals  of  the  above  uon-inductive  resistance  and  those 
of  the  electrometer  are  oouuccted  together  through  the 
oontact  apparatus  at  A.  Then  it  must  be  evident  that  the 
electrometer  will  become  charged  by  a  difference  of  potentiai 
equal  to  that  easting  between  the  terminals  of  the  iioa-induc- 
tive   reeistauce   at  the   instant  that  the   fixed   edge    on    the 
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Fio.  3.— Arrangement  of  Connectiona  in  Ryan'e  Experimenta. 

armature  shaft  passes  the  tip  of  the  tongue  in  the  apparatus  at 
A.  By  reading  the  indications  of  the  electrometer,  therefore, 
and  knowing  the  value  of  the  non-inductive  resistance  E  F,  the 
instantaneous  value  of  the  primary  current  corresponding  to 
the  particular  phase  duo  to  the  position  of  the  arm  in  the  appa- 
ratus at  A  becomes  known.  In  a  similar  manner  the  primary 
and  secondary  E.M.F.  can  be  observed  by  changing  the  con- 
nections at  G>,  G^  0\  O*.  Then  the  arm  is  routed  to 
another  position,  corresponding  to  a  different  phaaOi  and  the 
corresponding  values  of  E.M.F.'s  and  current  again  observed  aa 
before.  In  this  manner  we  proceed  at  equal  intervals,  suffi- 
ciently near,  so  that  a  curve  may  be  determined  by  the  values 
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thus  observed  at  the  several  tutervals,  and  that  the  instan- 
taneous values  of  the  E.M.F.'s  or  currents  be  accurately 
known  at  all  tiiueH  throughout  a  complete  period. 

For  the  purpose  of  obtaining  the  curve  of  impressed  E.M.F. 
and  the  -s/nieau**  of  the  same,  twenty-two  50  volt  lamps  were 
put  in  series  across  the  primary  circuit.  The  J  mean'^  of  the 
impressed  £.M.F.  in  the  primary  was  then  obtained  by  reading, 
by  means  of  the  electrometer  with  the  condenser  cut  out  and 
the  commutating  apparatus  short  circuited,  the  v  meau^  differ- 
ence of  potential  existing  between  each  set  of  two  lamps.  In 
this  way  11  readings  wore  obtained,  the  sum  of  which  was  the 
total  impressed  E.M.F.  This  served  as  a  calibration  of  the 
non-inductive  resistance  formed  by  the  lamps.  Ac  the  same 
time  that  these  observations  were  made,  two  lamps  were  deter, 
miued  upon  to  be  used  in  all  subsequent  observatious  on  the 
total  E.M.F.  Knowing,  theu,  from  these  comparative  readings 
the  ratio  of  fail  of  potential  over  two  lamps,  to  the  full  of 
potential  over  the  whole  twenty-two  lamps,  it  was  possible  to 
determine  the  iustancaneous  value  of  the  whole  primar}'  im- 
pressed electromotive  force  by  readings  taken  of  the  instati- 
caneous  poteniiid  difference  at  the  ends  of  two  of  the  lamps, 
and  thus  obtain  the  curve  of  primary  K.M.F. 

Two  r>0-volt  lamps  were  also  placed  in  series  with  the  primary 
circuit  of  the  crnuhfonner  as  a  non-inductive  resistance,  and,  as 
previously  stated,  the  N/mean<,  and  the  values  correi>i>onding 
to  any  particular  phase  of  the  fall  of  potential  through  these 
laniph  wore  observed.  This  gave  a  measure  of  the  x^mean'  or 
any  |iarticular  value  corresponding  to  a  particular  phase  of  the 
primary  current,  when  the  resistance  of  these  lamps  was  known 

[«t  the  temperatures  to  which  they  were  bro\ight  by  the  cur- 
rent.    A  curve  of  resistance  corresponding   to  the  range  of 
currents  through  which  these  lamps  wore  used  waa  determined 
carefully  by  Mr.  Merritt  at  the  Cornell  magnetic  observatory. 
In  series  with  the  secondary  circuit  waa  placed  a  gravity 

.ammeter  containing  a  few  small  turns,  and  correct  in  its  ad- 
iustment.     It  indicated  the  ^mean'  in  the  same  way  that  an 


*  This  symbol,  v'lMan*,  atandB  for  the  square  root  of  the  meftn  of  the 
■quareit  of  all  the  insUnuneotu  valuee  obeervod  at  equal  intervals  of  time 
thnughout  a  oompleto  period. 
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electro^ynamometer  would  have  done.  The  observation  of 
the  various  values  of  the  secondary  E.M.F.  required  no  special 
arraugemeut — this  was  done  direct  iu  all  cases.  Since  Che 
secondary  was  always  at  work  on  a  circuit  possessing  almost  no 
inductance,  no  determinations  of  the  curve  of  secondary  cur- 
rent were  made,  for  it  would  obviously  have  been  found  to  be 
BO  nearly  in  unison  with  the  secondary  E.M.F.  and  possess  all 
the  characteristic  variations  of  the  same.  The  s/mean^  of  its 
value  was  always  known  from  the  indications  of  the  ammeter. 
As  a  load  for  the  transformer,  ten  16-candle  power  50- volt 
lamps  were  provided  which  could  be  turned  on  and  otl'  as 
desired,  and  they  were  placed  at  an  average  distance  from  the 
transformer  of  not  more  than  five  feet. 

G\  G^  G'',  G*,  represent,  in  Fig.  3,  the  various  terminals  con- 
veniently arranged  on  a  switch-board  for  ready  adjustment  for 
any  desired  set  of  connections.  The  adjustable  resistance  at  I 
consisted  of  a  plug  reuistauce  box,  euabling  one  to  get  any 
number  of  ohms  in  circuit  from  1  to  100,000.  It  was  very 
conveniently  arranged  ;  but  a  suitable  slide  rheostat  and  a 
damped  magnet  on  the  electrometer  needle  would  have  greatly 
facilitated  the  rapidity  with  which  observations  could  be  taken. 
The  mode  of  procedure  was  to  set  the  brush  on  the  contact 
apparatus  at  some  suitable  point,  and  then  corresponding  to 
this  p>ciut  readings  of  the  instantaneous  values  of  primary 
E.M.F.  were  made.  When  tamps  were  turned  on  in  the 
secondary,  the  ammeter  iu  that  circuit  was  also  read.  The 
brush  was  then  moved  forward  to  a  new  position  and  the 
above  readings  repeated.  This  was  continued  until  the  ob- 
server had  gone  over  a  complete  period  of  two  alternations, 
then  the  ^meau-'  readings  of  the  primary  and  secondary 
RM.F.'s  and  primary  current  were  made.  To  do  this  required 
a  [)eriod  of  time  covering  \isually  not  more  than  two  and  onu- 
liatf  hours.  Careful  observations  were  made  which  showed 
that  the  insertion  of  one,  two,  or  throe  lamps  in  the  primary 
circuit  did  ?iot  perceptihly  chanje  the  relation  of  the  primary 
E.M.F.  and  current  and  secondary  E.M.F.  The  indications  of 
the  ammeter  gave  data  for  corroctiug  for  variations  of  the  speed 
of  the  dynamo. 

Having  arranged  this  apparatus,  Prof,  Ryan,  assisted  by  Mr. 
Merritt,  made  a  series  of  observations  in  the  6rst  place  on  a 
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Bxaall  Wostinghouse  10-Iight  transformer.    The  data  and  dimen- 
sious  of  the  trausfomier  are  aa  below  :^ 

Numbor  of  tunu  in  the  prioiary  cull  , 675 

„  H  „    ficcondftn'  ci>i] 35* 

RMisiAoce  of  ihe  primary 21*B  ohma. 

„  „       •eoMnlftrj'    (W   „ 

Fig.  4  is  a  diagraiu  ftimisbed  with  a  scale  to  which  it  vras 
drawn,  ao  that  from  it  any  details  as  to  dimensiona  of  the  trans- 
former can  be  obtained, 

The  iron  discs  of  the  magnetic  oirouit  of  the  transformer 
were  one  half  millimetre  in  thickness,  the  insulating  material 


Fio.  4. — Section  of  10-Light  WeatinghouBcs  Trauafonner. 

between  the  iron  discs  being  thin  paper.  The  total  volume 
of  laminated  iron  used  in  the  transformer  was  2,050  cubic  cms. 

The  mean  cross-section  of  the  magnetic  circuit  was  63*3 
square  cms.,  and  the  mean  length  of  the  magnetic  circuit  30*3 
cms. 

The  obserrationa  of  the  inatantaneoua  values  of  the  primary 
impressed  electromotive  force,  the  primary  current,  and  the 
secondary  electromotive  force  for  various  secondary  loads  ou 
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the  transformer  are  giren  in  the  following  tAblefl  and  plotted 
to  scale  in  the  annexed  diagrams : — 

Secondarif  on  Open  Circuit 
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^^^^B               From  these  curves  everything  that  it  is  desired   to  know 
^^^^H            about   the    transformer   can    be    obtained.      By    multiplying 
^^^^H            together  the  oorreBponding  instantaneous  values  of  the  primarj 
^^^^H            current  and  E.M.F.  the  instanrancous  value  of  the  power  given 
^^^^1            to  the  transformer  can  be  obtained,  and  a  curve   of   inst&n* 
^^^^H            tAneoua  watts  laid  down.     The  integration  of  this  watt-curve 
^^^^^B            will  then  give  the  total  energy  given  to  the  transformer  in  the 
^^^^^^^     period.     The  same  being  performed  for  the  secondary   circuit. 
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The  efficiency  of  this  transformer  at  full  load  is  seen  to  be 
only  86  per  cent.  This  would  amount  to  an  '*all  day" 
efficiency  of  about  40  per  cent. 
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Fia,  10,—Power  Curves  of  10- Light  Westiughouw  Trmsfonner. 


The  results  of  thcso  obeervations  are  exhibited  in  the 
curves  in  Fig.  9.  The  power  curves  giving  the  power  ab- 
sorbed by  the  primary  circuit  for  various  lamp  loads  are  given 
in  Kig.  10. 

These  observations  show  clearly  what  are  the  nature  of  the 
energy  losses  in  the  transformer  and  the  eSbcts  of  the  hysteresis 
of  the  iron. 

We  will  next  discuss  some  points  which  an  examination  of 
these  curves  suggest. 

06  2 


THE   CONSTRUCmON   AND   ACTION   OF  TRAITOFORMERa. 


§2.  Form  and  Disposition  of  the  E.BiLF.  and  Cuirest 
Onrves. — In  the  first  place  we  may  note  that  tbo  curve  of 
impressed  primary  electromotive  force  is  in  this  case  approxi- 
mately a  siue  curve.  Messrs.  Kyan  and  Merritt  subjected  thew 
observed  curves  to  harmonic  analyaia.  Whatever  may  be  its 
form,  the  equation  of  the  curve  can  iu  every  case  be  expressed 
in  accordance  with  Fourier's  Theorem  (sc^  Vol.  I.,  Chap.  Ill,, 
§  3)  by  a  series  of  sine  and  cosine  terms,  and  we  can  write  the- 
LDstaotaneous  value  x  of  the  current  or  E.M.F.  as  expressed  b 
the  series 

^»A«  + Aj  sin  j^t  +  Ag  sin  2pt-¥eto, 
+  Bj  cos  pt  +  B.,  cos  2  p  i  +  etc. 
In  which  the  constants  A„and  B^  are  determined  by  the  equations 
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Messrs.  Rynn  and  Merritt  determined  the  arithmetic  values  of 
these  constants  for  all  the  obeerved  curves.  When  the  primary 
impressed  E.M.F  is  thus  analysed  it  is  found  that  it  cau  be  ex- 
pressed very  nearly  by  four  terms  of  the  following  Fourier 
series : — 

£i  =  l,500sin^2+100Bia3;>r-42coB^t+28cos3^C 

Graphically  it  can  be  represented  as  in  Fig.  II,  where  th 
dotted  curves  show  the  principal  and  secondary  components 
the  original  (firm  line)  curve.  The  primary  E.M.F.  is  thus 
seen  to  be  made  up  of  a  principal  sine  curve  and  a  first  har- 
monic of  one-third  the  wave  length.  In  the  same  way  the 
secondary  electromotive  force  was  analysed  and  found  to  consist 
of  a  principal  component  and  an  htirmonio  of  one-third  the  wave 
length  (sftf  Fig.  12).  The  expansion  in  harmonic  terms  for  the 
secondary  electromotive  force  being  nearly  J 

Ej-  -  76-2  s'mpt-  4-8  ain  ^pt  +  2*7  coapt  -  O'l  cos  SpU  ' 
We  shall  not  be  far  wrong  iu  assuming  that  in  all  cases  the 
curves  of  primary  and  secondary  electromotive  force   are  sot 


I 


•  For  the  pnx)f  of  this  theorem  the  student  is  referred  to  Todhunter'* 
"  Integiml  Cidculus,"  Ch»p.  XIH,  Also,  GreenhiH'o  "  Integral  CalcuiM." 
}183. 
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Tery  far  remoTed  from  siae  curves,  and  treating  them  accord, 
ingly.  Doubt  haa  been  frequently  thrown  on  thia  by  some 
writers  who  have  even  rtdiouled  the  assumption  that  the 
simple  sine  curve  can  express  the  form  of  the  curve  of  eleotro- 
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Timo  in  Second*. 
Fio.  11. — Harmonic  Analyiu  of  the  Curve  of  Prim&ry  Electromotiw 
Force  of  lO-Light  WeatloghouM  IVonsformer.     Dotted  Curvce  represent 
the  Hftrmonic  Componeota. 


motive  force  of  any  alternator ;  but  strict  investigation  proves 
the  assumption  warrantable. 

Moreover,  an  inspection  of  the  indicator  diagrams  shows  ua 
that  the  phases  of  the  primary  and  secondary  electromotive 


454      Tire  C0X8TRUCTI0N  AND  ACTION  OP  TRA>*&PORHSRS. 

forces  are  exactly  opi>08ite  to  one  another,  or  differ  by  ISOdeg., 
when  there  is  no  secondary  load  on  the  transformer,  but  that 
when  there  is  a  secondary  load  the  secondary  electromotiTe 
force  13  a  very  little  In  advance  of  the  primary  in  phase. 

It  is  quite  diRcrent,  however,  with  the  primary  current.  We 
see  by  the  eye,  that  when  there  is  no  secondary  load  the 
primary  current  curve  is  very  far  from  being  a  siixiplo  sine 
curve.  Messrs.  Ryan  and  Morritt  found  that  for  the  trans- 
former they  used  the  priniary  current  curve  could  be  analysed 
into  three  harmonic  oomponenta  (see  Fig.  13),  of  which  the 
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Time  in  Second*. 
Fio.  12. — Harmonic  AnnlyBla  of  Curve  of  ticcoodory  El^tromotive  Fonse 
of  10-Light  Wcstinghouae  Transformer. 


wave  lengths  are  respectively  in  the  ratio,  1:3:5,  and  that  it 

is  expressible  by  the  series, 

»  =  0-129  sin p  <- 0-MS  008 />«+  01 1  sin  3jo« 
-  '047  cos  3 />i-  -016  CDS  ^pU 

IF  we  inquire  the  cause  of  tliis  distortion  of  the  primary  current 
the  reply  is  that  it  is  due  to  the  hysteresis  of  the  iroo.  If 
hysteresis  were  altogether  absent  the  curve  of  primary  current 
with  open  secondary  would  ba  a  sine  curve,  lagging  90deg. 
behind  the  primary  E.M.F.  as  represented  by  the  dotted  curve 
in  Fig.  5.  If  eddy  currents  were  set  up  in  the  core  to  any 
extent  the  effect  of  these  would  be  to  cause  the  primary  current 
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to  be  accelerated  in  phase  or  brought  more  into  synchroniam 
with  the  impresaed  E.M.F.  If,  in  addition,  hysteresis  is  present 
the  result  will  be  to  make  the  current  curve  unBymmetrical  in 
shape  as  we  see  it  is.    As  the  load  on  the  transformer  secondary 
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Time  tn  8«con4>. 
Fio.  13.— Harmonic  Anidyaia  of   Curvu   of   Piiraary  Currents  of 
lO-LiKlit  We«tinKhou9e  Transformer  on  Open  Secondary  Circuit, 
Curve  of  Primnry  Eieclromotive  Force  ia  also  shown. 


the 
The 


circuit  is  increased  the  primary  current  curve  is  brought  back 
more  and  more  into  synchroniBm  with  the  primary  impressed 
E.M.F.f  and  in  its  final  position  it  comes  into  almost  exact 
opposition  with  the  itficonihiry  electromotive  force,  losing  its  un- 
symmetrical  form  and  approximating  more  to  a  simple  slue 
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curve;  and  its  harmonic  aualyais  shows  thataa  this  loading  up 
of  the  secondary  circuit  takes  place  the  principal  sins  term  of 
the  Fourier  series  for  the  current  becomes  more  important  than 
the  subsidiary  terms. 

When  the  transformer  is  fully  loaded  up  on  ita  secondaxy 
circuit  vie  see  that  the  secondary  electromotive  force  lags 
little  behind  the  primary  electromotive  force,  that  is,  it  ia  not 
exactly  opposite  to  it  in  phase.  ThiH  is  due  chiefly  to  magnetic 
leakage.  The  primary  current  is  under  these  circumstances 
almost  exactly  opposed  in  phase  to  the  secondary  electrotnotive 
force.  Under  conditions  of  full  load  none  of  the  curves  oi 
electromotive  force  and  current  depart  very  widely  from  simple 
sine  curves,  and  at  any  rate  the  sine  curve  form  is  sufKciently  cor- 
rect to  allow  of  the  application  of  simple  analytical  treatment 
iu  developing  the  theory  of  the  transformer  and  in  calculations. 
The  marked  exception  to  this  ia  the  primary  current  at  low 
loads  or  the  magnetising  current. 

Prof.  Ryan  and  Air.  Mcrritt  repeated  the  same  kind  of 
experiments  with  a  40-light  Westinghouse  transformori  and 
also  with  a  transformer  having  a  core  made  of  iron  wire  ;  but 
the  general  resultjs  as  to  the  form  and  relative  phases  of  the 
current  and  E.M.F.  curves  were  found  to  be  of  the  same 
character  as  in  the  above  experiments. 

Messrs.  Humphrey  and  Powell  also  studied,  by  this  method^ 
a  40-light  Westinghouse  transformer,  and  found  the    loss  oo^^l 
opou  circuit  to  be  only  oue-half    that  of    the   10-ligbt.      Iti^^l 
efficiency  at  the  full  load  was  9G*2  {>er  cent.,  equivalent  to  an 
all-day  efficiency  of  90  per  cent.     This  improvement  is  due  to 
the  use  of  a  better  grade  of  iron. 

§  3.  Oorves  of  Magnetic  Induction  and  Leakage.  —  The 
observed  curves  of  current  and  electromotive  foroe  give  as  the 
means  of  determining  other  curves  which  will  represent  the  varia- 
tion of  the  magnetic  iuduction  in  the  core.  The  induction  den- 
sity is  not  necessarily  and  not  generally  the  same  in  all  parts  of 
the  core.  If,  at  any  instant,  r,  ^',  and  b^  represent  the  number 
of  lines  of  force,  commonly  so  called,  which  are  linked  with  the 
primary  and  secondary  circuits  respectively,  and  if  Bj  and  Bg 
are  the  maximum  values  of  these  quantities,  then  B^  and  B^  are 
called  the  total  inductions  through  the  primary  and  secondary 
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to 


drouita.  B,  baa  not  the  same  value  aa  6,  wheu  the  secondary 
circuit  is  loaded,  because  some  linea  of  force  which  are  linked 
with  the  primary  circuit  escape  passing  through  the  secondary, 
&nd  this  constitutes  the  magnetic  leakage  of  the  core.  It  is  also 
generally  the  case  that  the  inductive  density  is  not  the  same  in  all 
parts  of  the  cross  section  of  the  iron  core.  Let  6^,  B^,  however,  be 
the  mean  value  of  the  lines  per  gquarr  centinutre  of  cross  section 
of  the  core.  If  S  is  the  area  of  cross  section  of  the  iron  core 
or  magnetic  circuit,  and  if  Nj  is  the  number  of  windings  of  the 
primary  coil,  then  N^  S  B,  will  be  the  maximum  total  induction 
in  C.G.S.  units  enclosed  by  the  primary  or  will  be  the  maximum 
of  the  total  number  of  lines  of  force  linked  with  the  primary 
circuit.     Let  6i  be  as  stated,  the  iustuntaueous  value  of  Bj. 

Then  NjS  — ^  will  express  the  time  rate  of  change  of  6j  at  any 

instant,  and  will,  therefore,  be  the  back-electromotive  force 
induced  at  that  instant  in  the  primary  circuit,  ilence,  by  the 
I'undamcntal  equation 

In  which  equation  r  stands  for  the  ohniic  resistance  of  the 
primary  circuit,  and  i^  and  e^  the  instantaneous  values  of  the 
primary  current  and  impressed  electromotive  force  at  the  same 
instant,  wheu  the  secondary  circuit  is  open.  Therefore  we 
h»ve 

d\  _  gi  -  ^  S  . 

7t~ 


and  therefore  b^ 


NjS 


dt-i-  const 


where  the  integral  is  taken  between  proper  limits.  This  equa- 
tion shows  us  that  if  we  have  the  curve  for  ^ j  uud  the  curve  for 
»j  we  can  construct  a  curve  corresponding  to  e^  —  r  tp  and  by 
integrating  the  area  of  this  last  curve  between  limits  can 
obtain  the  value  of  the  magnetic  induction  oucloaed  by  the 
primary  circuit  at  the  instant  corresponding  to  any  value  of 


€^  and  t\. 


It  is  obvious  that  when  r  i,— c,  then   — !  =  o,  and 

dt 
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hence  this   point   corresponds   to  the  maiimnm   positive    or 
negative  value  of  the  induction  B^. 

Again,  if  B.^  stands  for  tlie  average  value  of  the  magnetic 
induction  within  the  secondary  circuit,  or  for  the  average 
number  of  lines  of  force  per  square  centimetre,  which  are  linked 
with  the  secondary  circuit,  and  if  b^  stands  for  the  instan- 
taneous value  of  the  same,  then  the  insCfintaneouB  value  of  the 
secondary  electromotive  force  e^  is 

*        ^      dt 


Where  N.^  is  the  number  of  secondary  windinjis  and  S  the 
section  of  the  magnetic  circuit,  it  follows  that 


J  No 


'-  rf  /  +  const. 

o 


And  the  instantaneous  value  of  the  iuducttou  through  the 
secondary  circuit  at  any  instant  can  bo  obtuiued  by  iutegratiu^ 
the  curve  of  secondary  electromotive  force  between  proper  limits 
(see  Fig.  11).  In  general  ^,  i»  not  ideutickl  with  b^  and  the 
curves  of  induction  so  formed  are  not  similar.  This  is  because 
magnetic  leakage  intervenes  to  cause  the  induction  through  the 
secondary  circuit  to  be  less  than  the  induction  through  the 
primary  circuit,  that  is  to  say,  all  the  lines  of  force  which  are 
linked  with  the  primary  are  not  linked  with  the  secondary  circuit. 
The  difference  between  6|  and  t„  being  taken,  gives  us  the  curve 
of  magnetic  leakage.  In  Fig.  15  the  curve  F,  representing  6., 
is  80  deduced  from  the  primary  electromotive  force,  and  the 
curve  G,  representing  bp  is  deduced  from  the  curve  of  second- 
ary electromotive  force.  The  curve  H  represents  the  curve  of 
magnetic  leakage.  The  ordiuates  of  the  curve  H  are  obtained 
by  taking  the  difference  of  those  of  curves  F  and  G. 

The  student  will  find  it  an  assistance  to  adopt  a  suggestion 
which  has  already  been  made  of  giving  a  name  to  a  unit  of 
magnetic  induction  equal  to  10^  "lines  of  magnetic  force." 
This  quantity  it  Ijas  been  proposed  to  call  ow  riausn.  The  gauss, 
therefore,  is  a  unit  in  which  magnetic  induction  is  measured. 
The  common  custom  which  we  have  hitherto  followed  is  to 
employ  the  term  ike  magnttia  induction  to  denote  tliat  which 
ought  properly  to  be  called  th^  density  o/  viagneilc  xnducttorL 
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This  necessitates  the  use  of  the  yhrQ^a  total  in'ittctiorij  to  denote 
the  whole  number  of  so-cilled  Hues  of  force  passing  through  any 
area  and  to  distinguish  it  from  the  number  passing  through  a 
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Fw.  M.— Thfi'D<>tte  1  Curve  D  ia  the  Curve  of  ToUl  Magnetic  Induc- 
tion in  thn  Core  of  the  10-Light  WeatiiighouM  Tranoformor  calculated 
from  the  Currea  of  Primary  KlectromoUve  Force  (A)  uid  Curreub  (6). 
One  scale  divtuon  (rertical}- 100,000  Lioet  (C.O.SO^  "001  Gaosa. 


unit  of  area  taken  perpendicularly  to  those  lines.  The  simplest 
plan  is  to  adopt  the  word  (/lavss  as  the  name  for  a  certain 
amount  of  magnetic  induction  or  for  10*^  lines  of  mag- 
netic  force.     We   can  then  speak  of  an  induction,  meaning 
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a  total  induction  of  bo  many  gausseSy  through  any  area,  and,  if 
we  wish  to  refer  to  the  induction  density,  or  the  induction,  at 
any  point,  we  can  do  bo  by  apeakiug  of  the  gaussfs  per  square 
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Pm.  15- — Tmnsformer Diagram  for  10-LifjhtWe.-!tin.;hou»o  Transformer. 
AsrPrimary     E.M.K.  ;     B  =  rrimary    Current;     F=  Induction     through 
Primary  ;     G  =  Iuduction    through    Secondary  ;    H  =  Magnetic   Leaka^^ 
Curve  ;  K  =  Magnettauig  Component  of  Primary  ;  CsSocondary  Curreal 

centimetre  at  that  point.  In  the  above  equations  if  e  and  t  aro 
measured  in  volta  and  amperes,  h  is  determined  in  gausses,  and 
can  always  be  converted  to  C.-G.-S.  measure  by  multiplication 
by  10«. 


I 
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From  the  induction  ourvoa  so  obtained,  Prof.  Ryan  was  able 
to  draw  the  hjstereHiB  diagram  for  the  transformer.  If  we  aet 
off  as  horizontal  abscissro  the  values  of  the  primary  magnetiainji; 
current  and  as  ordinates  the  corresponding  total  magnetic 
induction  through  the  primary  circuit,  the  result  is  seen  in 
Fig.  16  for  the  small  10-light  Westinghouse  transformer.     Oa 
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FlO.  16. — Kt»«rgy.lo8s  Diatp-ain  for  10-Light  Weatinghouao  TrftHifonaer, 
Outer  Curve  in  the  (B,  f )  Curve  ;  inner  Curve  the  Static  Hyetercsia  Curve. 
Horizontal  abscisBn}  represent  Magnetiaing  CurreDt ;  Vertical  Ordiuatee 
total  InduotioD  in  Core  in  C.Q.S.  Units. 


open  circuit  the  maximum  indaction  density  in  the  iron  was 
3,850  lines  per  square  centimetre.  The  iron  discs  of  which  the 
magnetic  circuit  of  this  transformer  was  composed  were  one 
half  millimetre  in  thickness,  and  separated  by  paper.  The 
total  volume  of  laminated  iron  was  2,050  cubic  centimetres. 
The  mean  cross-section  of  the  magnetic  circuit  was  G3*3  square 
centimetres,  and  the  mean  length  of  the  magnetic  circuit  was 
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30*8  centimetres.  Hence,  the  maximum  value  of  the  total 
induction  through  the  cross-section  of  the  magnetic  circuit 
was  about  240^000  hncs ;  and  since  the  primary  turns  were 
675  in  number,  the  maximum  total  linkage  of  lines  with 
the  primary  circuit,  at  maiimimi  induction,  would  be 
675  X  3850  x  63*3  =  1-652  x  lO^  nearly,  or  about  1-65  gausaesw 
If  we  integrate  the  area  of  the  outer  loop  in  Fig.  1 6  in  terms 
of  ft  rectangular  unit  of  area  one  of  whose  sides  represents  one 
ampere  to  the  same  scale  as  the  abscissiv,  and  the  other  side 
one  yauss  on  the  same  scale  on  which  the  vertical  ordiiiates  are 
taken,  we  find  the  area  of  this  loop  to  be  very  nearly  •001  of 
such  unit.  Multiplying  this  by  675,  or  the  number  of  primary 
turns,  we  have  the  number  0*67,  which  is  the  loss  of  energy  in 
the  core  for  one  complete  cycle  measured  iu  Joulrs,  For,  if  we 
take  the  fundamental  equation  referred  to  just  above,  viz.— 


NiS 


and  multiply  all  through  by  f ^  and  d  ^  we  have 

Assume  these  quantities  all  to  be  measured  in  C.-G.>S.  units, 
then  the  right-hand  term  represents  the  energy  given  to  the 
primary  circuit  of  the  transformer  in  the  short  time,  di-j  the 
middle  term  represents  the  loss  in  the  copper  or  the  resistance 
loss  ;  and  the  left-liand  term  must  therefore  represent  the  loss 
iu  the  iron  in  the  same  short  time.     If  we  integrate  all  these 
terms  through   oue   complete   period,   then    the   integral    of 
Nj  S  tj  ff  &i  taken  through  a  complete  period  is  represented  by 
the  area  of  the  closed  curve  in  Fig.  16,  of  which  ordinates 
represent  the  vso-ious  values  of  S  b^  or  the  total  induction  and 
abscissa}  the  values  of  «j  or  the  magnetising  current.     Henoe, 
when  ij  is  measured  in  amperes  and  S  h^  in  gausst*,  the  product 
of  the  area,  and  the  primary  turns,  Nj,  gives  us  the  energy 
lost  iu  the  oore  in  one  cycle   in  joxdes.     Jf  there   are    138 
cycles  per  second,  then  the  total  loss  in  the  core  per  second  is 
'67  X  138  -  92-46;  and  this  represents  the  total  loss  in  watts  in 
the  core  on  open  circuit.     Hence,  since  the  volume  of  the  core 
is  nearly  2,000  cubic  centimetres,  the  loss  per  cubic  centimetre 
is  '046  of  a  watt.     Since  the  total  observed  loss  in  the  oore  is 
95*7  watts,  oddy  current  loss  is  not  altogether  absent 
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It  was  thought  that  it  would  be  interesting  to  see  how  far  the 
[idiagram  of  total  iron  loss  so  obtained  agreed  with  that  obtaiuod 
iy  the  method  of  Ewmg  when  the  iron  was  carried  through 
[its  magnetic  cycle  slowly.  Accordingly,  Mr.  Merritt  deter 
lined  the  inner  curve  shown  in  Fig.  16  by  that  method.  The 
iron  was  not  taken  quite  up  to  the  same  maximum  of  magneti- 
sation in  both  cases,  and  hence  the  agreements  of  the  two  curves 
not  very  close;  but  as  they  stand  they  seem  to  show  that  the 
hysteresis  is  not  increased  by  carrying  the  iron  through  its  mag- 
netic cycle  more  rapidly.  On  the  other  hand,  there  is,  apparently, 
a  marked  decrease  in  the  total  loss  of  energy  in  the  iron  as  the 
transformer  ia  gradually  loaded  up.  The  iron  losses  of  the 
transformer  seem  to  decrease  as  secondary  current  increases. 

This  fact,  which  is  indicated  by  Prof.  Ryan*8  experiments, 

aecms  to  be  couBroicd  also  by  those  of  other  experimentalists. 

,H  far  back  as  1868,  some  experiments  of  Prof.  Ayrton's  on  a 

itall  Kapp  and  Suell  transformer  indicated  that  this  result 

'caight   be  looked   upon  as  probable.     In   1890  Prof.  lioiti,  of 

Florence,  carried  out  a  very  valuable  series  of  experiments*  on  a 

Zipeniowsky-Deri  transfurmer,  in  which,  after  giving  the  results 

|of  his  measurements,  he  says,  "Wo  are  apparently  thus  led  to 

deduction  of  considerable  theoretical  importance,  and  which 

.would   be  opposed   to  the  generally  accepted  opinion  of  the 

Ifiresent  day  relatively  to  the  hysteresis  of  iron,  and  that  is  that 

the  energy  wasted  on  the  reversals  of  magnetism  seems  to  be 

negligible.     He  goes  on  to  point  out  that  che  numerical  results 

obtained  for  the  energy  dissipated  in  iron  when  it  ia  carried 

slowifj  through  a  cycle  of  magnetism,  aa  in  the  experiments 

of  Ewing  and  Hopkinson,  cannot  in  his  opinion  be  applied  to 

magnetic  operations  in  which  the  iron  is  carried  through  its 

magnetic  cycle  one  or  two  hundred  times  in  a  second. 

Prof.  Ayrton  and  Mr,  Taylor,  in  a  Paper  read  before  the 
Physical  Society  of  London!  in  1891,  arrive  at  the  same  con- 
clusion; and  Mr.  ^lordey  at  the  same  time  made  known  6gures 
ffhich  he  had  obtaiucd  supporting  that  view.  In  a  discussion 
at  the  Institution  of  Electrical  EngineersJ  Mr,  Mordey  gave 


•See  The  BUctrUian,  Vol.  XX VL.  p.  540. 
t  Socia  Lumiire  SUctriffut,  Vol.  XXXV.,  1890,  pp.  479—626. 
t  Journal  of  Institution  of  Electrioftl  Engineen,  Vol.  XX.,  April,  X89X 
11.201. 
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the  actual  measurements  made  with  a  6,000  watt-transformer. 
On  open  secondary  circuit  the  loss  in  the  transformer  was  110 
watta ;  at  full  load  the  loss  was  205  watts ;  the  losa  in  tbe 
copper  was  fouad  to  be  \7S  watts  at  full  load.  Hence  we  have 
the  loss  in  the  iron  at  full  load  as  29  watts.  The  magnetic 
induction  was  about  -1,000  C.-G.-S.  These  results  of  Mr. 
Mordey  for  the  transformer  in  question  are  quite  inoonsistent 
with  the  results  given  by  Prof.  Ewing  for  static  hysteresis  or 
for  the  loss  at  corresponding  inductions  when  the  cycle  is 
traversed  slowly.*  The  general  tendency  of  all  these  experi- 
ments, if  correct,  would  be  to  show  that  wo  cannot  calculate 
the  losses  in  a  transformer  on  the  assumption  that  the  iron 
losses  are  constant  at  all  loads  and  equal  to  the  slow-cycle 
xalues  when  the  frequency  of  reversal  ia  between  100  euid 
200  Oj  per  second.  Calculations  based  on  this  assumption 
may,  or  may  not,  be  erroneous,  but  we  are  left  with  the  oon- 
olusiou  that  the  losses  in  the  iron  of  a  transformer  can  only 
properly  be  determined  by  experiment.  It  cannot  be  said 
yet  that  the  subject  is  exhausted,  for  the  reason  has  yet  to  be 
determined  of  this  remarkable  reduction  in  the  hysteresis 
waste  at  full  load.  It  has  been  suggested  that  the  mechanical 
vibration  of  the  iron  at  full  load  diminishes  the  hysteresis.  If 
we  can  trust  to  mechanical  analogies  we  should  expect  the 
hysteresis  to  diminish  when  the  frequency  is  increased.  Every 
material  exhibits  strain  hysteresis  when  slowly  loaded  or 
unloaded,  but  exhibits  no  hysteresis  when  the  change  of  stress 
is  very  rapid.  Thus  it  has  been  pointed  out  that  the  most 
inelastic  of  bodies,  such  as  pitch,  transmits  a  musical  note 
unchanged;  and,  trusting  to  this  analogy,  some  physicists  have 
maintained  that  magnetic  hysteresis  must  be  negligible  when 
the  magnetic  cycle  is  rapidly  performed.  Others  doubt  this  j 
and  we  find  thus  a  dififerenoe  of  opinion  existing  on  an  im- 
portant matter. 


•  Mr.  Mordey  quoted  also  {loc.  eit.)  a  letter  from  Prof.  Ewing,  in  which 
he  ezprcued  tlie  opiuton  that  tbe  low  from  hystercais  is  not  pmved  to  be 
proportional  to  the  speed  of  magnetic  reversal,  especially  when  tliat  speed 
IB  high.  Thifl  opinion  modifies  the  view  previously  expreaeod  by  the  aame 
writer  (see  Phil.  Trans.,  18S5,  p.  554,  and  The  SUetrieian,  VoL  XXV.,  1B90, 
p.  169)j  that  the  loss  would  probably  be  groatw  al  high  ratca  of 
than  at  low. 
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The  above  conclusions  that  the  iron  losses  in  a  transformer 
decrease  as  the  load  on  the  secondary  is  increased  cannot  be 
said,  however,  to  have  been  generally  accepted,  and  many  felt 
that  the  subject  retiuired  further  inveati^^fatiou.  This  it  has  re- 
ceived from  Prof.  Ewing,  who  attacked  the  problem  directly  in 
an  ingenious  manner.*  Uis  experiments  were  as  follows : — 
Two  precisely  similar  model  transformers  were  wound,  the 
core  consisting  in  each  case  of  a  ring  of  inaulaUd  iron  wire, 
over  which  was  wound,  on  each  ring,  two  equal  primaries  and 
two  equal  secondaries.  The  primaries  of  oue  transformer  were 
wound  so  as  to  oppose  each  other,  and  the  secondaries  of  the 
same  transformer  were  also  wound  so  as  to  op|>0!:e  each  other. 
The  result  was  that  this  transformer  was  magiiutiually  inactive 
whatever  current  was  passed  through  its  primary  or  secon- 
dary. The  two  transformers  had  the  circuits  connected  in 
series,  the  same  alternating  primary  current  traversing  both 
primaries.  The  secondary  circuits  were  also  joined  in  series. 
Hence  the  primary  and  secondary  circuits  of  both  were  tra- 
versed by  the  same  currents,  and,  therefore,  had  produced  in 
them  frictiooal  heat  due  to  ohmic  resistance  at  the  same  rate. 
The  iron  core  of  one  transformer  was,  however,  not  magnetised 
by  the  currents,  whilst  that  of  the  other  one  was  magnetised, 
flence  the  core  of  the  active  transformer  got  hotter  than  that 
of  the  other.  The  core  of  the  magnetically  inactive  trans- 
former  was  then  brought  up  to  the  same  temperature  as  that 
of  the  active  one  by  passing  a  continuous  current  through  the 
circuit  of  insulated  iron  wire  forming  its  core,  and  equality  of 
temperature  obtained  as  tested  by  means  of  a  pair  of  thermo- 
electric junctions  bui'ied  in  both  cores. 

By  means  of  a  "  tertiary  "  coil  on  the  active  transformer 
eijuality  in  the  magnetic  induction  of  its  core  was  also  pre- 
served. The  experiment  consisted  in  working  the  transformers 
at  constant  induction  in  the  core  of  the  active  one,  but  first 
on  open  secondary  and  then  on  closed  secondary  circuit,  and 
noting  whether  the  heat  required  to  be  given  to  the  core  of 
the  magnetically  inactive  transformer  to  balance  its  core  tem- 
perature with  that  of  the  other  remained  the  same  in  Uie  two 
oases.     No  difference  in  any  case  could  be  found  in  the  con- 


•  See  rA£  EUetrUian,  Vol  XXVIIL,  p.  Xll,  December  4.  1693. 
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^^^H            tinuous  current  required  to  balance  the  temperatures    of  the 
^^^H            cores.     The  inference  is  that  the  loss  through  hyst^reaia  aod 
^^^H            eddy  currenU  went  ou  in  the  magnetised  core  at  tht  same  rau, 
^^^H           whether  the  secondary  circuit  was  loaded,  or  whether  it   was 
^^^B            on  open  circuit.     As  far  as  these  experiments  have  gone  at  the 
^^^H            time  of  writing,  the  issue  seems  pretty  clear  that  the  iron  losses 
^^^^H            in  a  transformer  core  are  constant  at  all  loads,  at  least  as  far 
^^^^^^      as  regards  pure  magnetic  hysteresis. 

^^^^^         §1  Other  Methods  of  Obtaining  Transformer   I>ia«rainj 
^^^^L^      and  Ourrent  Curves. — Vt.  Louis  Duncan,  of  Johns   Hopkins 
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ty,  has  suggested    an   elegant   method  of   obtaj 
es  of  current  and  E.M.F.  of  a  transformer  or  i 
nultaneously  without  the  special  difEcultiea  atten 
determinations    made    as    above    described, 
mamometers  are  constructed,  of  which  the  fixed 
nd  with  wire  of  such  size  and  length  as  to  be 
insertion  in  and  across  the  primary  circuit  and  ir 
bo  secondary  circuit  of  the  transformer  to  be  te 
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id  arranged  so  as  to  be  traversed  by  a  oontinuotu 
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rent  from  a  few  cells  of  a  secondary  battery.     The  circuit  of           ^^^H 
these  cells  is  interrupted  by  a  piu  fixed  to  the  arroature  shaft,           ^^^H 
which  touches  an  insulated  wiper  or  spring,  suitably  placed,           ^^^H 
and  which  wiper  can  be  shifted  into  various  angular  positions,           ^^^H 
so  as  to  make  ooutact  at  various  equidistant  intervals  of  time           ^^^H 
right  through  a   complete    phase   of   the    armature    E.M.F.          ^^^H 
period.      It  is  evident  that  each  dynamometer  when  traversed          ^^^H 
by  the  alternating  and  interrupted  currents  will  experience  a          ^^^H 
rapid  series  of  impulses  which  in  each  case  will  be  proportional           ^^^H 
to  the  instantaneous  magnitude  of  the  current  passing  through           ^^^H 
its  fixed  coil   during  the  short  period  in  which  the  wiper  is          ^^^H 
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contact     These   impulses  run   together  into  a 
orque  on  the  movable  coil,  which  can  be  measured  i 
y  by  a  twist  on  the  supporting  spring  or  wire.     I: 
lere  an  arrangement  which  possesses  the  great  ac 
.  all  four  curves  can  bo  determined  at  once,  and 
current  through  the  contac^breaker  can  be  made 
ely  small  current  of  small  E.M.F.     By  employi 
iet«r  in  series  with  the  moveable  coils,  we  can  co 
rror  due  to  change  in  strength  of  the  battery  cur 
lod  can  easily  be  modified  so  as  to  photograph  a) 
res  in  proper  relative  position. 
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^^^H               M.  Blondlot  has  also   devised  a  method  by  which   a  cou- 
^^^H           denser  ia  connected  for  an  instant  at  some  period  of  the  E.M.F. 
^^^^H            phase  to   the   armature   terminals  by  means   of   a    revolvini; 
^^^H            contact  pin  and  wiper,  and  ia  then  discharged  through  a  gal- 
^^^H           vanometer.     By  this  means  a  rapid  series  of  discharges  arc 
^^^H            sent  through  the  galvanometer,  and  the  instantaneous  value 
^^^H           of  the  E.M.F.  of  the  alternator  thus  becomes  known.     Other  J 
^^^H            ex]>erimeutali8t8  have   devised  niodincationa  of  this    method,  1 
^^^H           and  by  using  a  set  of  two  or  more  contact  pins  and  vipers 
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volving  alternator  shaft  several  curves  of  c 
can   be    determined    at    one    time.     By    ei 
r  other  of  these  methods   different  observen 
Bcial  study  of  the  forms  of  the  current  and  e 
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and  non-inductive  circuits.     Space  will  not  a] 
nto  a  full  discussion  of  the  various  forms  pre 
M.F.  curve  of  different  species  of  alternator 
)f  a  single  practically  non-inductive  loop  rev 
uis  in  its  own  plane  in  a  uniform  magnetic  fie 

8 

varying 
l^&inpt ; 

urrenc 
tnploy- 
s  have 
leotro- 

plyiug 

low  us     ■ 
seated 
.      For    J 
olving    1 
Id  it  is    1 

Tins  OOSSTRUCmON    AND   ACTION   OF   TRANSFOnMEBS.       469 

clear  that  the  simple  sine  curve  represents  the  form  of  this 
curve  of  varying  E.M.F.  For  many  kinds  of  alternators  it 
would  appear  that  the  form  of  tlie  E.M.F.  curve  ia  not  widely 
different  from  the  simple  sine  curve.  The  form  mar/^  however, 
be  greatly  varied,  depending  upon  the  geometrical  form  of  the 
field  poles,  upon  whether  the  armature  has  an  iron  core,  and  if 
so  of  what  kind,  and  upon  the  nature  of  the  external  circuit. 
Experiment  shows  that  great  deviations  from  a  simple  sine 
curve  may  take  place.  This  is  not  always  due  to  the  internal 
actions  in  the  machine.     Thus,  in  the  case  of  the  Stanley  or 


Fia.  20. 


Wefitinghouse  arc  light  alternators,  which  we  have  described 
in  §  17  of  Chapter  II.,  very  peculiar  variations  in  the  E.M.F. 
curve  were  found  to  be  dependent  upon  the  nature  of  the 
external  circuit. 

These  experiments  were  made  by  Messrs.  Tobey  and  Wal- 
bridge,*  at  the  Cornell  University  Electrical  Tjaboratories. 
When  this  Stanley  alternator  was  worked  on  short  circuit,  or 
on  a  load  of  incandescent  lamps,  the  E.M.F.  curve  of  the 
machine  waa  not  very  different  from  a  simple  sine  curve  (see 
Fig.    17).      When   the   machine   was   worked   on   arc   lamps 

•  See  Electrical  World  of  New  York,  November  8,  18G0,  Vol.  XVI 

p.  33a 


^^^H               470       THG   <X)y8TRUCTI0iyAim  jOTBP^^HEjSFOHMEIIS-           ^^H 

^^^H           in  series,  as  described  in  a  former  chapter,  the   form  of  tLe 
^^^H           E.M.F.  curve  was  totally  altered,  and  it  assumed  the  curious 
^^^H           peaked  form  shown  ia  Figs.  IS  and  19.     At  the  same  time,  the 
^^^H           position  of  the  armature  with  respect  to  the  field  poles  for  zero 
^^^H           E.M.F.  was  chaoged.    The  explanation  advanced  by  the  investi- 
^^^^1           gators  to  explain  this  curious  change  in  form  of  the  E.M.F.  curre 
^^^^1           is  that  when  working  on  alternating  arcs  the  stoppage  of  the  arc 
^^^^1          at  each  reversal  of  current  in  it  is  accompanied  by  a  great  ri»& 
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^^^^^^^      Pio.  21.— El«trnmotivft  Force  Curve  (firm  line)  on  Oi>en  Circuit  of  Alter 
^^^^H                      uator  reprcBenUd  iu  Fig.  20»    Tho  dotted  curve  is  a  Sine  Curve. 

^^^B            begin  the  arc  again  is  much  greater  than  that  required  to 
^^^^K           maintain  it.     The  current  curves  of  the  machine  arc   in  all 
^^^^H            cases  much  more  nearly  siuoidal   in  form.     In  a  discussion 
^^^^B            which  followed  the  reading  of  the  Paper  describlLg  these  expe- 
^^^^H            rimeuts,  Dr.  Pupin  made  the  remark  that  the  variation  of  the 
^^^^H            E.M.F.  was  probably  duo  to  the  variation  of  resistance  of  the 
^^^^B           arcs  witli  current.     Since  in  the  arc  the  greater  the  current 
^^^H           the  less  is  the  resistance,  the  varying  resistance  of  the  arcs 
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would,  in  a  machiae  so  responsive  as  this  alternator,  call  forth         ^^^| 
a  greater  E.M.F.  at  the  beginning  of  the  period.     The  results,          ^^^H 
however,  show  that  it  does  not  do  to  assume  without  warrant          ^^^H 
that  the  E.M.F.  curve  of  any  ^ven  marhino  has  a  fixed  form         ^^^H 
independent  of  the  load.     Neither  must  it  be  assumed  without         ^^^H 
proof  that  for  any  given  machine  the  form  of  the  E.M.F.  curve          ^^^H 
is  siuoidal,  even  when  working  on  a  non-inductive  load.     Mr.          ^^^H 
Warren  B.  Lewis  has  studied*  the  E.M.F.  curves  of  a  form  of         ^^^| 
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^M             Fio.  22.— Electromotive  Force  Curve  (firm  line)  of  AIt«ni«tor  ah 
^V          Fig.  20  when  working  on  ft  Wfttcr-reHiatance  Load.    Tlie  dotted  c 
the  Current  Curve. 

alternator  not  unlike  the  Ganz  alternator  in  the  form 
iron  circuit  (tte  Fig.  20),  except  that  the  revolving  port 
the  armature ;  and  the  result  of  this  study  is  to  show  thi 
E.M.F.  curve  of  this  alternator  on  open  circuit  has  the 
shown  in  Fig.  21.     The  dotted  line  is  a  sine  curve,  dra^ 
comparison.     The  positions  of  the  field  poles  are  also  aho 
the  diagrams.     When  worked  on  a  water  resistance  abso 

nwn                ^^^^1 

It  the          ^^H 

form          ^^^H 

u  for          ^^^1 

wn              ^^^B 

*  See   Electrical    World  of  New   York,   1891 ;    al«o  EUetridan,  Vol.            ^^H 
XXVIIL.  p.  90,  1891.                                                                                                    ^^H 
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^^^H         02  kilowatta  the  form  of  the  E.M.F.  is  quite  altered.     The 
^^^H         maximum  output  of  the  machine  was  60  kilowatta.      Fig.  23 
^^^H         shows  this  last  E.M.F.  curve,  and  the  dotted  curve  is  the  cur- 
^^^^H         rent  ourye.     When  worked  on  an  inductive  load  the  curves  of 
^^^^B         current  and  E.M.F.  were  again  quite  altered  {scf  P'ig.  23).    In  this 
^^^^H         diagram  wo  Bce  distinctly  the  "lag"  of  the  current  due  to  the 
^^^^1         inductance  of  the  circuit,  and  also  the  way  in  which  the  induct-     M 
^^^^H         ance  of  the  circuit  smooths  out  the  ripples  on  the  E.M.F.  curve,      ■ 
^^^^1         and  gives  a  current  curve  not  very  far  from  sinoidal.                           1 
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23. — Electromotive  Force  (firm  line)  Curve,  and  Current  Carre      V 
)  of  Alternator   shown  in  Fig.  20,  when  working  on  InductiTa 

an  alternator  with  a  field  and  armature  not  unlike  a      1 
OS  alternator,  Mr.  Lewis  found  an  E.M.F.  curve  very      I 
r  Binoidal  in  form  {tee  Fig.  24).                                                      ■ 

0.  Frilich  has  worked  out  a  Tery  ingenious  form  of      ^ 
itUB,  by  moans  of    which  a  more  or  less  approximate 
1  reproduction  of  the  form  of  a  current  curve  can  be       _ 
ed  and  viewed  at  one  glance.     The  principle  of   the       1 
itus  is  as  follows  : — A  ray  of  light  from  an  electric  lamp 
ufised   by  means  of  lenses,  and  reflected  from  a  small 
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silvered  mirror  which  i«  affixed  to  a  telephone  diaphragm 
eccentricallj — that  is,  somewhere  between  the  centre  aud  the 
edge  of  the  diaphragm.  The  ray  is  reflected  back  on  to  a 
revolving  cylinder  covered  wiUi  vertical  facets  of  silvered  glass, 
and  thence  on  to  a  scroeu,  forming  a  spot  of  light.  If  a 
periodic  current  is  sent  through  the  telephone,  it  cauaes  the 
diaphragm  to  bulge  in  and  out,  and  displaces  the  small  mirror 
on  it  angularly!  ^^*^  thus  deflects  the  ray  of  light  up  or  down. 
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Fig.  24. — Electromotiv*  Force  Curre  of  Alternktor  of  Siem«iif>  Type. 


If  the  polygonal  mirror  rotates  on  an  axis  lying  in  the  plane 
of  the  displacement  of  this  ray,  aud  if,  moreover,  its  speed  of 
rotation  is  so  controlled  that  it  revolves  through  such  an  angle 
during  each  vibration  of  the  diaphragm  as  will  suffice  to  bring 
each  revolving  facet  of  its  surface  successively  to  be  the  re- 
flecting surface  for  the  ray,  then  a  stationary  optical  wave  is 
formed  by  the  rapidly-moving  spot  of  light  Hence,  apart 
from  oscillations  due  to  the  natural  period  of  oaoillationB  of 


THB  OOKSTRUCnON  AJH)  AOTIOW  OP  TRA!?STORMERS. 

the  diaphragm,  and  assuming  that  the  telephone  diaphragm 
vibrates  in  extent  and  manner  so  as  to  imitate  exactly  the 
ohangee  of  current  strength  in  its  coils,  we  get  an  optical 
reproduction  of  the  form  of  the  periodic  cuiTent  sent  through 


Fio.  25. 

the  telephone.  If,  for  instance,  a  constant  E.M.F.  from  a 
battery  is  applied  through  an  inductive  resistance,  and  then 
removed,  we  get  the  current  curve,  shown  in  Fig.  25,  repro- 
duced upon  the  screen.     This  shows  the  gradual  rise  of  current 


Fia.  26. 


strength,  and  retardation  duQ  to  inductance.  The  ripples  on 
the  curve  are  merely  diaturbances  produced  by  the  natural 
period  of  vibration  of  the  diaphragm. 


Fig.  27. 

The  curve  in  Fig.  26  was  obtained  by  passing  tho  current 
from  a  small  Siemens  alternator  through  the  telephone.  Id 
this  cose  the  armature  possessed  no  iron  core.     With  an 


A 
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cored  annature  the  current  curve  was  aa  shown  in  Fig.  27,  in 
which  distortion  and  change  of  form  from  a  simple  sine  curve 
is  seen.  Fig.  '2S  shows  curves  obtained  with  and  without 
self-induction  in  the  circuit  of  the  alternator.  This  optical 
method  of  reproducing  periodic  current  curves  was  exhibited 
first  at  the  Frankfort  Electrical  Exhibition  of  1891  (see  The 
Electrician,  Vol.  XXVIII.,  p.  60),  and  may  be  probably 
developed  into  a  very  useful  and  important  method  of  inves- 
tigation. 


Fic.  3a 


§  G.  Discussion  of  the  Transformer  Diagrams. — Referring  to 
the  indicator  diagrauiu  of  the  small  Weatinghouse  transformer 
in  preceding  sections,  we  see  that  the  following  inferences  are 
^deducible  from  them,  considering  thorn  as  typical : — 

(i.)  The  curve  of  primary  impressed  E.M.F.  is  here,  at  amy 
rate  approximately,  a  simple  periodic  curve. 

(ii.)  When  the  transformer  has  its  secondary  circuit  open, 
the  curve  of  secondary  E.M.F.  is  exactly  opposed  to  in  phase, 
or  difiers  in  pliase  by  ISOdcg.  from  the  primary  E.M.F.,  and 
,18  also  approximately  sinoidaJ. 

(iii.)  The  curve  of  magnetic  induction  lags  behind  the  curve 
of  impressed  primary  E.M.F.  by  about  90deg,,  or  a  quarter  of  a 
wave  length.  We  may  here  note  that  the  lag  of  the  curves 
relatively  to  one  another  must  be  measured  by  the  relative 
position  of  the  zero  }>oint8  of  the  curves  or  positions  at  which 
the  curves  cut  the  horizontal  line  or  axis  of  time.  The  curve 
of  induction  for  open  secondary  circuit  is  not,  and  cannot  b&  a 
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^^^^          simple  sine  curve,  because  otherwise  it  -would   follow  that  tha^H 
^B                 curve  of  primary  current  in  open  secondary  circuit   would  be    H 
^1                a  simple  periodic  curve  also,  but  it  is  not  so.                                      ■ 
^H                   (iv.)  The  curve  of    primary   current    for  open    secondatj        * 
^H               circuit,    or  the  magnetisiug  current  commonly  so    called,    ii        . 
^M                always  an  irregular  and  unsymmetrical  curve.      If  the  znagneti-     fl 
^H               sation  is  carried  up  over  the  "  knee  "  of  the  magnetiaing  curve     1 
^H               the  current  curve  may  run  up  into  a  sharp  peak,  aa  in  Fig.  29.     1 

^^^^^^H 

^^H 

- 

<  1 

\ 

^^^^^^^^^H 

^^^^^^B 
^^^^^H 

^^^^^^^B 

^^^^^^M 
^^^^^^^H 

^^^^^v 

^^^^^^^^B 

^^^^^v 

\ 

/^ 

^, 

\ 

# 

/ 

^ 

\ 

/ 

J 

\ 

/ 

/ 

-"^^ 

i— -^ 

\ 

/ 

[ 

\ 

\ 

^m                     Fic.  29.- 
^H                   the  Primuy 
^H                   ootiBAtiun  ii 

H                As  the  loa 
^1                larity  deer 
^B                approximal 
^M               current  in 
^m                more  into 
^M                quite    gcte 
^M                secondary 
^m               increases. 

The  El 
Circuil 
carrier 

d  on 
eases, 
tea  to 
creasej 
synch 
into 
E.M.B 
becaui 

ectromotive  Force  Curre,  tnd  tb«  Currei 

(open  Mcondary)  of  a  Trtnaformer,  wbe 

j  up  oTer  the  "Kiioe"  of  the  Magnetim 

the  secondary  circuit  ia  increased  t" 
and  the  curve  of  primary  current  a 
a  simple   periodic  curve.     As  the 
B    the   primary   current   ia    brought 
ronism  with  the  primary  E.M.F., 

step    with    it.      At    the    same    1 
\   curve   lags   a    little  as  the  secon 
96  the   phase   of  the   induction  thi 

It  Cunre  of      ■ 
n  the  Mag.      ■ 
tiun  CorvA      H 

lis  irrega.      ■ 
b  full  load      1 
secondary      1 
forward       1 
t>ut  never      1 
ime,     the       1 
dary  load       1 
"ough   the       I 

THE   CONSTnXronON    AND  ACTION   OP  TRANSFOHMERS. 


secondary  is  delayed  behind  that  through  the  primary  by 
reason  of  the  magnetic  leakage  out  of  the  core.  In  the  limit, 
at  full  load  the  primary  current  cornea  into  almoat  exact 
opi>o8ition  to  the  ssecondary  E.M.F.  (i«  Figs.  30  and  31),  and 
hence  when  the  secondary  circuit  is  approximately  uon-induotiTe 
iuto  almost  exact  opposition  as  regards  phase  to  the  secondary 
current. 

(v.)  The  magnetic  leakage  exeroises  a  disturbing  effect  upon 
the  shape  of  the  curve  of  secondary  E.M.F.,  making  it 
unsymmetrical  in  shape. 

This  ifi  well  shown  by  some  further  experiments  of  Prof.  H, 
J.  Ryan,*  in  which  a  small  ring  core  transformer  was  purposely 
badly  designed,  the  sccondar}'  being  wound  all  on  one  side,  and 
the  primary  all  on  the  other,  and  the  resulting  magnetic  leakage 
makes  itself  evident  in  the  curves  as  shown  in  Figs.  30  and  31, 
in  the  lagging  and  distortion  of  the  curve  of  secondary  E.M.F. 
This  transformer  exhibited  in  an  exaggerated  form  the  defects 
present  in  most  commercial  transformers.  Further  experiments 
by  Mr.  L.  B,  Marks,  with  this  model  transformer  in  the  Cornell 
University  Laboratory,  are  very  instructive.  The  iron  core 
consisted  of  nine  well-rusted  iron  rings  1*1  centimetres  in  cross 
section  diameter,  aud  of  a  mean  diameter  across  the  ring  of  17 
centimetres.  The  primary  circuit  wound  on  this  core  consisted  of 
000  turns  of  bare  copper  wire,  No.  Id,  insulated  with  asbestos 
paper.  The  primary  circuit  resistance  was  1*65  ohms.  The 
secondary  circuit  hod  155  turns  and  a  resiatance  of  0*71  ohm. 
The  maximum  induction  density  was  not  raised  above  3,000 
C.-G.-S.  (lines  per  square  centimetre)  in  these  experiments. 

Figs.  30  and  31  show  the  diagrams  taken  with  open  secondary 
circuit,  and  with  secondary  circuit  closed  so  as  to  create  a 
secondary  current.  The  secondary  E.M.F.  curve  is  seen  to 
become  more  symmetrical  under  load,  but  at  the  some  time  its 
maximum  ordinate  diminishes.  So  that  whilst  the  ratio  of  the 
turns  of  primary  to  secondary  turns  in  this  ti-ansformer  was  3:2, 
tliQ  ratio  of  primary  to  secondary  E.M.F.  varied  between  no 
load  and  full  load  from  4:1  to  S  :  1.  This  shows  clearly  that 
it  is  only  in  transformers  with  negligible  magnetic  leakage 
and  in  whicli  the  whole  of  the  induction  through  the  primary 
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traverses  the  secondary,  that  we  can  assume  the  primary  and* 
«ecoDdary  K.M.F.s  are  in  the  ratio  of  the  number  of  the  con* 
volutions  of  the  circuits. 

§  6.  Experiments  on  the  Iron  Core  Losses. — Mr.  Marks 
Also  made  experiments  with  this  same  model  transformer  when 
raised  to  different  temperatures,  and  from  these  experiments 
deduced  the  following  table  of  results  : — 

PrimAry  volu  ( *'niean-): 


90. 


The  tempen*  Th«  Ioh  in 

ture  of  the  the  core,  or  the 

trunsfurmer  iron>lti«s,  m 

core.  wfttts. 


300T. 
2700. 

270^0. 


122 
72 
79 

117 

80 


Power  given  ottt  by 

the  RecoQclary 

circuit,  in  wfttti. 


0 

0 

0 

24 

36 


This  table  is  to  be  understood  as  follows  : — When  the  secon- 
dary circuit  was  open,  the  primary  took  up  122  watts,  and  the 
core  came  to  a  temperature  of  97**50.  due  to  hysteresis  and 
eddy  current*.  On  raising  the  core  by  external  heat  to  300*C. 
it  was  found  that  the  energy  absorbed  by  the  primary  circuit 
diminished  to  72  watts.  Furthermore,  it  is  seen  that  loss  in 
the  core  is  practically  independent  of  the  secondary  output. 
These  figures  indicate  that  the  loss  is  largely  due  to  eddy 
currents,  and  that  rise  of  temperature  by  decreasing  the  elec- 
trical conductivity  of  the  iron,  decreases  the  loss  due  to  the 
C'ldy  currents.  By  experimcntR  on  a  cast-iron  ring  made  in  the 
Cornell  University  laboratory,  Mr.  A.  Herschel  found  that  for 
induction  densities  below  2,000  lines  per  square  centimetre,  a 
variation  of  temperature  between  21'C.  and  360"C.  made  no 
sensible  change  in  the  hysteresis  loss.  Whereas  above  such  in- 
duction density  it  did  affect  it.  Hence,  if  wrought  iron  behaves 
in  the  same  way,  the  diminution  in  energy  loss  in  the  iron  core 
with  rise  of  temperature  in  Mr.  Markfa'  experiments  must  have 
been  wholly  due  to  a  decrease  of  eddy  current  loss.  In  a  well- 
designed  transformer  with  sufficient  and  j)roper  lamination,  eddy 
current  loss  might  be  made  very  small.    This  would  be  shown 
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'by  the  diagram  of  magnetising  current  and  magnetic  induction 
for  one  complete  cycle,  practically  coinciding  with  Ewing** 
determination  of  the  curve  of  static  hyatcrcsia  for  the  same 
range  of  induction.  If  eddy  currents  are  present  in  large 
degree  then   the   closed  curve  /trfB,  where  i^tnagQetifti 


. 

/ 

> 

\ 

A 

/ 

1 

/ 

/ 

/   1 

/ 

/I 

/ 

/ 

/ 

/' 

/ 

/ 

r- 

/ 

.4 

J 

r 

\ 

I  A 

'  1 

Fio.  3Z, 


current,  in  amperes,  and  B  =  total  magnetic  induction  in  the  core, 
lies  outside  of,  and  includes  a  greater  area  than  the  true  hyster- 
esis area.  In  Fig.  32  is  shown  a  pair  of  areas,  the  outer  curve 
is  the  fi  d  B  curve  for  a  solid  cast-iron  ring,  8  6  centimetres  in 
mean  diameter,  and  2*7  square  centimetres  in  cross-section  wound 
over  with  200  turns  of  wire  of  negligible  resistance  (s/1   195). 
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The  inner  curve  in  Fig.  32  is  the  Ewing  ourre  of  static  hyster- 
esis for  the  same  ring.  On  the  assumption  that  the  true 
hystereaia  loss  is  constant  for  all  loads  then  the  diflerenoe  of 
these  areas  represents  the  work  lost  in  eddy  currents  in  the 
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It  is  an  important  matter  to  determine  in  the  case  of  any 
given  core  the  relative  amount  of  energy  dissipated  by  hyster- 
esis and  by  eddy  currents,  Messrs.  Fortenbaugh  and  Sawyer, 
of  Cornell  University,  have  made  a  determination  of  the 
amounts  uf  energy  dissipated  by  cores  of  iron  wire  of  different 
gauge,  when  working  at  different  degrees  of  magnetisation  and 
different  periodicities.  The  iron  wire  was  simply  rusted  for 
insulation.  Four  iron  wire  rings  were  made  of  a  mean  dia- 
meter of  8-9  centimetres  and  respectively  of  gauges  No.  12, 
16.  24,  and  36  (Brown  and  Sharpe  gauge),*  and  these  were 
wound  over  with  200  turns  of  insulated  copper  wire  of  neg- 
ligible resistance.     The  above  table  gives  the  relative  loss  in 

•  Thecfiui^-alenwof  theiiegikuffca  iiutecimAkof  ftniin^h  are:  12  =  •00081 ; 
16-*0M)«5!:  »l=0201  ;  36=006. 

II 
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^^^^H            these   cores  when   magnetising   ourrents   were    seat    through   ■ 
^^^H            the  coils.     The  diagram  in  Kig.  33  shows  the  losses  in  these   I 
^^^^1            irou  cores  plotted  in  terms  of  the  induction  for  each  gauge,  1 
^^^H           periodicity  being  the  same,   viz.,  about  175  ^.      The    pure 
^^^^H            static  hysteresis  curve  uf  soft  irou  iu  given  in  Fig.  34,  in  which 
^^^^H            tlie   loss   in  ergs  per   cubic  centimetre  for  slowly-performed 
^^^^1           cycles  is  given  in  terms  of  the  induction.     The  results  for  ihe 
^^^^1            iron    wire   rings  show,  on   account  of  the  presence    of   eddj 
^^^^B           currents    in  the   cfLsc   of   the   larger   gauges,  a   loss  varying 
^^^^^^^     as    the  square    of    the    periodicity  and    as    the    square   c4 
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magnetisation,  the  eddy  current  strength,   and    hence  eddy             ^^^H 

current  loss,  must  diminish  with  rise  of  temperature.    In  cores,             ^^^H 

therefore,   in  which  eddy  current    loss    is    predominant,  the              ^^^^| 

increase  of  temperature  brought  about  by  the  increa^d  copper              ^^^H 

L          losses  at  high  loads  may,  perhaps,  be  the  means  of  decreasing              ^^^H 

^K     the  total  loss  in  the  iron,  which  some  observers  have  apparently             ^^^H 

^B     noted.     In  the  experiments  of   Mr.   Marks,   with  the  model             ^^^H 

^P     transformer,  referred  to  on  page  477,  we  see  that  if  we  allow  20             ^^^| 

f^     watts  for  pure  hysteresis  loAs,  which  is  a  liberal  allowance,  the             ^^^H 

balance  of  the  loss  in  the  core,  at  about  270'C.   aud   lOO'C.             ^^H 

respectively,  will  be  79  -  20  watts  and  122-20  watu,  or  about             ^^H 

1^     60  and  100  watts,  at  temperatures   differing  by  170°C.     This             ^^^| 

^H     is  equivalent  to  a  decrease  of  loss  of  40  watts  fur   170deg.             ^^^H 
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results  on  a  diagram  shown  in  Fig.  35.  From  these  it  ia  seen 
that  the  transformer  oarae  after  sii  or  seven  hours  to  a  conatAnt 
temperature  ;  and  that  the  temperature,  correspondiug  to  a 
frequency  of  100,  was  less  than  those  corresponding  to 
frequencies  of  75  or  125.  The  higher  temperature  at  the 
higher  frequeucy  is  the  natural  result  of  the  increase  of 
the  eddy  current  loss.  The  increase  of  temperature  cx>rres- 
ponding  to  the  lowered  frequency  may  be  due  to  the  fact 
that  at  lower  frequencies  the  eddy  currents  peuetrate  further 
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Fia.  35.— Mordey's  Curve  of  Transformer  Temperaturee  at  vartouw 
fre<iueuciee. 


into  the  iron.  It  must  be  remembered  that  jnat  as  alter- 
nating KM.F.B  create  a  tendency  in  electric  currents  to  keep 
to  the  surface  of  their  conductors,  so  alternating  magneto- 
motive forces  create  a  tendency  in  the  magnetic  induction  to 
keep  to  the  surface  of  the  iron.  In  the  one  case  there  is  a 
want  of  penetration  in  the  current  below  the  surface  layers, 
and  in  the  other  case  a  similar  behaviour  iu  the  magnetism.  It 
cannot  be  said,  however,  that  there  is  any  absolutely  best  speed 
of  alternation.  In  each  case  the  most  economical  frequency 
must  be  decided  by  many  circumstances  and  by  experiment. 
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§  7.  The  Pre-Determination  of  Eddy  CuTTents  Loss.— It  is 
nccossary  at  this  stage  to  examiuc  a  little  more  closely  into 
the  amount  of  the  eddy  current  loea  in  the  iron  corea  of  trans- 
fornmers  of  different  kinds.  In  certAin  Bimple  cases  it  is  easy 
to  calculate  tins  eddy  current  lofia.  We  shall  proceed  to 
calculate  the  eddy  current  Ion  in  a  core  made  of  round  iron 
wire. 

Imagine  a  core  made  of  a  bundle  of  round  iron  wire  and 
wrapped  over  with  a  magnetising  coil,  and  let  a  periodic  mag- 
netising current  flow  in  this  coil  ao  that  a  simple  periodic 
magnetic  induction  exists  in  the  iron,  the  lines  of  induction 
being  parallel  with  the  direction  of  the  wires.     Let  l*  be  the 


Fin.  36. 


mean  induction  density  in  the  core  at  any  time  ^  and  lot  B 
be  its  maximum  value  ;  also  let 


b=  Bsioju  t 


(1). 


where  /)  =  2f  times  the  frequency  n,  as  usual.  Consider  the 
eddy  current  loss  in  one  centimetre  length  of  one  wire.  Tho 
lines  of  flow  of  the  eddy  currents  in  the  wire  arc  circles  con- 
centric with  the  perimeter  of  tho  wire.  Let  tho  circle  in 
Fig.  36  represent  the  cross  section  of  the  round  wire  of  radius 
r.  Take  two  concentric  circles  of  radius  />  and  p-f-Sp,  and  fix 
attention  upon  the  eddy  current  flowing  in  this  elementary 
ring.  The  total  induction  through  the  cylinder  at  any  instant 
is  trp'hy  and  the  rate  of  change  of  this  induction  is  the 
measure  of  tho  instantaneous  electromotivo  force  acting  round 
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the    elementary   cylinder. 
motive  force  «,  hence 

dh 


Call   this   instantaneoQs    electio- 


Therefore, 


«  =  ir/>'  -_  =  irp'Bpcoepi 
d  i 


(^)- 


(3). 


If  c  is  the  conductivity  at  zero  Centigrade  per  cubic  centi- 
metre of  soft  wrought  iron,^  then  if  R  is  the  electrical 
resistance  of  this  elementary  cylinder, 

K-^ (4). 


r5/> 


Lot  the  instantaneous  rate  of  dissipation  of  energy  in  w&ttg 
in  this  elementary  cylinder  be  denoted  by  S  u*,  and  then 


c- 


6w«-p--.2r3cB8nVS/5COfl«pnO-»«   .      (5). 


R 

To  find  the  loss  over  the  whole  croes  section  of  the  wire,  we 
have  to  integrate  (5)  between  the  limits  p«o  and  p  =  r,  and 
to  find  the  mean  or  average  loss  W,  we  have  to  take  the 
avenige  VEilue  of  qqe?  pt  over  a  period,  or  to  integrate  during 
a  complete  cycle  of  values  of  the  induction.  The  average 
value  of  coa^  p  t  for  equal  small  intervals  of  time  during 
the  full  period  ia  easily  shown  to  be  equal  to  }. 

Hence  we  have 


W  = 


io-»« 


(6). 


This  is  the  loss  in  watts  for  one  centimetre  length  of  the  wire. 
Ilcnce  the  loss  in  watts  per  cubic  centimetre  of  the  core  is 
obtained  by  di?iding  (6)  by  the  volume  of  one  centimetre  length 

*  In  Dr.  J.  Hopkinenn's  Pftper  on  the  Maguotiaation  of  Ir*m  (Pk3^  TVoml 
Roy.  S(ia  Piu-b  IT.  1885,  page  463)  will  be  found  a  valuable  tAble  nf  the 
umgnetic  and  electric  properties  of  Tanoun  iron  alloyx,  anrl  in  particular 
the  epeciAo  electric  resiataiice  of  each  kind  of  iron  is  Ki^c">  The  specdfio 
eonductivity  of  the  purest  annealed  wrought  iron  per  cubic  oentlrnetra 
at  0*C.  being  102,000  tinitii,  that  of  grey  c&«t  ir<in  is  only  9,469  unit*,  that  ia 
to  aaj  the  specific  rosistance  of  the  softest  anrl  punwt  wrought  iron  beinic 
•0000096^  ubms  at  OT.,  that  of  g;rey  cant  iruu  is  -0001066  ohma  at  0**a 
The  coefficient  of  ^-ariation  of  re»iBianc«  with  temperature  of  pure  iron  being 
'565  per  cent  per  degree  Centigrade,  and  that  of  cut  iron  only  -083  pep 
cent,  pw  dcirrea. 
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of  the  iron  wire,  which  is  nr^.     Call  thia  loss  Y.     AUo  let  d  be 
the  diameter  of  the  wire  in  oeutimetres,  then  2r  —  d, 
Therefore  we  have 


Y- 


.rf»B«nMO-w 


(7). 


The  value  of  c  *  is  not  far  from  0*102  x  10**,  and  ir»c  is  there- 
fore nearly  10*.  It  is  often  more  convenient  bo  reckon  the 
diameter  of  the  iron  wire  in  mils  (one  mil  =  *001  inch),  because 
then  it  can  be  immediately  taken  from  the  tables  of  ;wire  sizes. 
But  1  centimetre  =  400  mils  nearly. 
Hence  we  have,  finally, 

Y--4tr^B^n'10-"-(H^^-?>'     .     .     (8). 

This  equation  (8)  gives  us  the  loss  in  watts  per  cubic  centimetre 
of  a  round  iron  wire  core  due  to  eddy  currents.  Such  core 
being  made  up  of  round  iron  wire  of  a  diameter  d  mils  and 
subjected  to  magnetisatit^n  of  which  the  maximum  induotion 
density  is  B,  aud  the  frequency  of  alternation  n.  If  the  diameter 
of  the  wire  ia  measured  in  millimetres,  then  for  the  loss  per 
cubic  centimetre  we  have  the  expression 


Y- 


4  X  101* 


Hence  the  value  oi  Y  is 


\4  X 10*/ 

(dn 
TV 


B  V 


=  .4f'^V 
\  10^  / 


when  d  is  measured 
in  centimetres. 

when  d  is  measured 
in  millimetres. 

when  d  is  measured 
in  mils. 


Y  in  all  cases  being  the  loss  in  watts  per  cubic  centimetre  of 
the  core. 

The  above  formula?  must  not,  however,  be  indiscriminately 
applied.  They  are  not  true,  for  instance,  for  solid  rcls  or  rings 
of  iron  when  the  fre(|uenoy  is  considerable,  say  300  '\>,  and 
the  diameter  of  the  rod  or  ring  anything  much  above  one  or 
two  centimetres.      The  reason  for  this  is  because  the  eddy 

*£  ifl  the  reciproc&l  of  th«  reiiiituic«  in  ohtns  at  scro  Ceutigmde  of  on« 
eubio  oeotimetrtt  of  iron  between  two  oppoeite  tmo&L 
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currents  then  mostly  circulate  in  the  skin  or  outer  layers 
of  the  iron.  The  magnetic  induction  does  not  penetrate  into 
the  whole  mass,  but  is  more  or  less  confined  to  the  surface. 
Hence,  not  all  the  iron  is  the  seat  of  eddj  currents,  and  a 
calculation  made  by  these  formuJie  would  gire  a  number  for 
the  eddy  current  waste  in  excess  of  the  truth.  The  formulie 
can,  however,  be  applied  to  all  cases  in  which  moderate 
frequencies  less  than  200  Tolta  are  employed,  and  to  oases  in 
which  the  iron  is  as  much  laminated  or  as  much  subdivided  as 
is  usually  the  case  in  transformer  cores, 

Since  the  conductivity  of  iron,  c  diminishes  with  rise  of 
temperature — about  -4  per  cent,  per  degree  Centigrade.  It  is 
obvious  that  a  rise  of  temperatiu*e  from  0*  to  100*  Centigraile 


I      * 


Fw.  37. 

will  diminish  the  eddy  current  loss  by  40  per  cent,   in  amy 
given  core. 

Let  us  compare  the  results  of  the  formuhc  (8)  with  the  table 
of  observed  losses  in  iron  wire  cores  as  given  on  page  481. 
Take  the  case  of  the  wire  core  made  of  No.  12  wire.  The 
diameter  of  the  wire  (/,  is  80  mils,  the  maximum  induction 
density  B  is  5,300,  the  frequency  n  is  170.  Tlie  loss  per  cubic 
centimetre  by  equation  (8)  is,  therefore, 

(2x80x170x5.300)'^  .2^^  ^^^,        ^^^.^  centimetre. 

Suppose  the  ring  core  came  to  a  temperature  of  20*  Centi- 
grade. We  have  then  to  reduce  this  "20  by  10  per  cent. 
The  actually  observed  loss  was  '18  watt  per  cubic  centimetre. 
Hence,  the  results  of  calculations  by  this  formula  agree  very 
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well  with  those  of  obserration.  We  can  also  calculate  approii- 
mately  the  eddj  current  lose  in  a  core  made  up  of  iron  bands 
or  strips  such  as  those  in  the  core  of  a  Ferranti  transformer. 
Let  the  lines  of  induction  be  parallel  with  the  length  of  the 
band.  Consider  one  centimetre  in  length  of  a  baiid.  of  thick- 
ness X  and  depth  or  width  mX.  The  rectangle  in  Fig.  37  is 
the  crouB-section  of  the  band.  We  do  not  know  the  exact  form 
of  the  stream  lines;  but  we  may»  as  an  approiiraation,  consider 
that  the  rectangle  ia  divided  into  a  number  of  similar  con- 
centric rectangles,  and  that  the  eddy  currents  flow  round  tbcse 
lines.  Consider  an  adjacent  pair  of  rectAnglea  of  sides  x  and 
z  +  St,  and  calculate  the  eddy  current  loss  in  this  elementary 
rectangular  tube. 

As  before,  let  the  induction  density  ut  any  instant  be  b, 
and  let  &  »  B  sin  p  t. 

Then  e  =  iiix'3p  cob  pt (9), 

and  «r*  =  m'ur<B'7>=»co«2j*r    .     .     .       (10). 

Also  the  resistance  of  the  rectanf^ular  tube  round  the  rect- 
ftoele  is 

R=J_^^+^«=lLfl±^'^  .  .  (11) 

cm  ojc      rbx     cox  \     vi    / 


Hence  the  loss  in  watts  Sw  at  any  instant  in  this  element  of 
the  one  centimetre  length  of  the  band  is  given  by 


Siff=s  -i 


cm.^ 


^^zWp^  co&^pt.  10-i«  .  (12). 


R     2(wt2  +  l) 

Integrating  from  2  =  0  to  x  =  X,  and  taking  the  mean  value  of 
oos'-^  p  t  into  account  we  find  the  total  average  loes  in  watts 
in  the  one  centimetre  length  of  the  band  is 


W  = 


fW* 


7*  p,  4ir3n«  ,«_ifl 


2(m2+l)  4 


B 


10- 


cm 


i^a 


I 


X*B«naiO-»« 


(t3); 


4(m9+l) 
and  the  loss  in  watts  per  'cubic  centimetre  of  the  band  is  Y, 


where 


y= 


cv*  m^ 


a^B^K^lO-***. 


4(m2+l) 

If  the  thickness  X  is  measured  in  mils  then  we  have 
100       m^ 


Y» 


U  (»«'-»- 1) 


X^B'n-lO-i* 


(1*1). 
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There  is  a  probability  that  this  equation  gives  us  a  rather 
too  great  value  for  the  eddy  current  loss  density.  It  ia  obvious 
that  the  eddy  current  loss  density  should  be  about  the  same 
for  a  round  wire  as  for  a  square  wire  of  equal  cross  section. 
This  will  be  the  case  if  we  take  the  numerical  co-efficient  in 

equation  (14)  as  unity  instead  of   ---,   and  take,   as   the  ex- 

64 

presaion  of  the  Iosh  in  watts  per  unit  volume  of  a  rcctangnlar 
sectioned  strip,  the  value 


t»^ 


m^+l 


X'BSfiMO-" 


(15). 


If  the  stnp  is  very  wide  compared  with  its  thiukuosa  then  the 


above  becomes 


Y  =  X2B^nM0->« 


(16). 


X  being  the  thickness  of  the  strip  in  mils,  B  the  maximam 
inductive  density,  n  the  frequency,  and  Y  the  loss  in  watts  per 
cubic  centimetre  of  the  core  made  up  of  the  strip.  A  con- 
firmation of  the  closely  approximate  truth  of  the  fonnula  will 
be  given  presently. 

If  B  ia  measured  in  gautfsef,  or  in  units  such  that  10*  C.-G.-S. 
units  make  one  gawsy  then  if  B'  ia  the  maximum  induction  in 
such  units  the  eddy  current  loss  Y  per  cubic  cent!  metro  of  the 
core  is  expressed  by  the  following  exceedingly  simple  formula, 

Y-(X«BM' (17) 

for  a  oore  made  up  of  strip  X  mils  in  thickness  and  for  a 
frequency  n. 

It  may  bo  convenient  to  apjMJud  a  table  calculated  from 
equation  (8)  for  the  loss  in  iron  wire  cores. 

Table  of  Eddy  Current  Loss  in  Mound  Iron  Wire  CortM  in 
mxcrowaiis  per  cubic  centimetre^  reckoned  at  0*  Ceniiffirade^  Far 
a  frequency  r\j   of  100. 


Induction 

Dmmeter  of  Uie  wira  in  nearwt  B.W.G.  Dumbrx  and  in  miU. 

detudtjr  B. 

10  Doili 
No.  S4 

20mila 
No.  26 

30  mils 
No.  22 

36  miL) 
No.  20 

50  aillA 
No.  18 

1,000 
2.00O 
3.000 
4.(*f>0 
f        » 

40 
160 
360 
640 

1  '-AO 

160 

t>40 

1.440 

2.560 

4.000 

360 
1,440 
3,240 

5.760 
9.000 

518 
2,072 
4,662 

8.288 

12.  "V. 

1,000 

4,<*00 

9,000 

16.O00 

c 
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In  applying  this  table  in  practice,  a  correction  must  be  made 
for  temperature,  by  reducing  the  above  numbers  '4  per  cent, 
for  every  de^rree  Centigrade  above  zero,  by  which  the  core  in 
its  Btationary  temperature  is  heated. 

§  8<  Hystereaifl  Loss  In  Oores.  Stelnmetz's  Law. — The 
hysteretic  loss  iu  the  iron  cores  co-exists  with  that  due  to  eddy 
currents,  and  is  generally  much  the  larger  of  the  two.  It  has 
been  found  possible  to  express  both  of  these  losses  as  functions 
of  the  induction  density.  Mr.  C.  P.  Steinmetz  has  carried  out 
some  lengthy  investigations  on  the  eddy  and  hysteretic  loss  in 
iron  cores.*  He  has  found  a  very  simple  empirical  law,  con- 
necting the  hysteretic  loss  iu  iron  cores  with  the  maximum 
induction  density  during  the  oyole.  This  is  expressed  as 
follows : 

Let  A  stand  for  the  loss  in  ergs  in  au  iron  core  per  cubic 
centimetre  per  cycle  of  magnetic  force.  That  is,  the  energy 
dissipated  in  making  one  complete  magnetic  reversal  and  back 
is  h  ergs  per  cubic  centimetre. 

Then,  according  to  Steinmetz, 

/*-i/B»'* (18) 

where  17  is  a  constant,  called  the  hysteretic  constant,  varying 
between  '002  and  -005  for  ordinary  transformer  cores,  and  B 
is  the  maximum  value  of  the  magnetic  induction  density 
during  the  cycle.  Taking  Ewing's  figures  for  the  hysteretio 
loss  in  a  soft  iron  wire,  Steinmetz  shows  that  over  a  range 
from  8  =  2,000  to  8  =  15,600,  the  above  law  holds  good, 
and  that  Evviag's  values  can  be  expressed  by  the  formula 
A^  002  8^'*^  He  finds  that  the  law  is  also  true  not  only  for 
slowly  performed  cycles,  but  for  cycles  at  the  rate  of  100  or 
200  per  second,  and  that  for  such  usual  commercial  fre- 
qtiencies,  and  for  fairly  good  soft  iron  cores,  the  law  may  be 
stated  that 

/i  =  7,nB»-*» (19). 

If  H  is  the  loss  in  watts  per  cubic  oentimetro  of  the  core,  then 

H=^n8»<»10-' (20). 

*  Bee  Elettrician,  February  12th,  IQth,  and  26th,  1892,  p.  385.  VuL 
XXVIIL  8ee  alio  JounuU  0/  the  Amcric<in  InHUvte  c/  EUdrical 
Bnfjinem^  January  19,  1892. 
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Mr.   Stcinnictz   buu  aBcertaincd   the  values  of  this  hjsteretic 
coniitant  >/  for  differont  kinds  of  iron  and  cores,  and  they  are  as 


follow : — 


//^Ate^'etic  ConntanU  for  LHfffrent  MaUriaU, 


^              Material 

HyAtereOo 

c«U8t»at 

Matertnl. 

Hyatcretid 
eoustant 

Very  loft  iron  wire 

Very  Uiin  Mft  «heet  iron 
Thin  gond  sheet  iron  ... 
Thick  slieet  iruD  

•002 

•0024 

■003 

•0033 

•004  nr 

HXWS 

Soft  annealed  cast  cteel 

Soft  awchiiie  aicel 

Caat  atael 

•008 

•0094 

•0120 

Caat  iron • 

■0162 

Mfvttordinikry  Hheet  iron 
tTKiufonuttr  cor«a , . . : . 

HAnlooed  cut  steel.... 

•025 

There   it  sotne   evidence   to   ehow  that  the  values  of  tj  are 
inoreasod  by  increasing  the  frequency  of  the  reversals. 


laooo 
i&aoo 

14,000 

izooo 

10.000 

aooo 

6.000 
4.000 
2.000 


0     E,(KJO  iOOO  6,1X10  ^OOOiaOOO  12.000  aooo  l^LOQl&OlO 
Fiu.  3a 

The  close  coincidence  of  tlie  re&ulta  of  calculation  by  this 
empirical  law  with  the  results  of  observation  are  shown  in  the 
carve  in  Fig.  38,  in  which  the  results  of  Ewiug'a  determinations 
of  hyateretic  loss  for  slowly  performed  cyolos  are  marked  with 
crosses,  and  the  curve  is  drawn  in  from  the  ef^uation  A«i;  B^*^, 


y. 

f 

7 

y 

y 

/: 

/ 

/ 

t 
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/ 

y 

^ 

1 

/ 

y 

:>'^-~ 
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— 1 

.--' 

'-*' 

THB   COXSTRUCTION   AND   ACTION    OP   TRANSPORMKnS.        493 


^ 


The  horizontal  absoiaBfc  are  iniiuction  denaities,  and  the  vertical 
ordinatcfi  hystcretic  loss  in  orgs  por  cubic  contimotro  per  cycle. 
The  conatant  coeflfioient  t;,  which  StcLnmetz  calls  the  kyuterfiic 
coefficient^  is  according  to  him  a  function  of  the  frequency  of 
the  alteniatious,  as  well  aa  dependant  upon  the  quality  of  the 
iron.  For  a  core  built  up  of  very  thin  soft  iioa  plates,  he 
found  that  the  value  of  i;  could  be  expresaed  by 

71  =  (-0017  +  -000016  n  -  -00000003  n% 

It  therefore  increases  with  the  frequency.  For  a  frequency  of 
100,  7/ =0033,  nearly,  for  good  thin  sheet  iron  or  fine  wire 
cores.  We  can  therefore  express  the  whole  loss,  W,  in  watts 
per  cubic  centimetre  in  a  transformer  core  by  a  funotioa  of 
n  B  and  certain  constants ;  thus, 

W  =  a«B^'«  +  /?H3B3     ....      (21), 

where  the  first  term  is  the  hysteresis  loss  and  the  second  the 
eddy  current  loss,  and  a  and  p  are  certain  constants  which 
depend  upon  the  kind  of  iron  used,  its  degree  of  lamination,  its 
temperature,  and  to  a  small  degree  upon  the  frequency.  The 
value  of  the  first  term  is  not  much  affected  by  the  temperature 
of  the  iron ;  the  magnitude  of  the  second,  however,  is  greatly 
reduced  by  rise  of  temperature. 

As  an  example  of  the  close  agreement  between  observation 
and  the  above  theory  we  may  instance  one  measurement  out  of 
a  large  number  made  by  Mr.  Steiumet/.  ou  the  loss  in  iron  cores. 
A  small  transformer  had  a  core  built  up  of  iron  plates  2*54  cm. 
in  width  and  '068  cm.  in  thickness.  This  plate  thickness  ex- 
pressed in  mils  is  27*2  mils. 

According  to  equation  (16)  the  loss  due  to  eddy  curreota  in 
this  core  in  watts  per  cubic  centimetre  uhould  be 

(27*2)«ii3B'^  =  740n''^  B». 

Mr.  SteinmetK  found  that  the  observed  total  loss  in  watts  per 
cubic  centimetre  in  this  core  could  be  expressed  by  the  empirical 
formula 

W  -  0033  n  B'  •«  +  746  n^  B»  .     .     .     (22). 

Accordingly  it  appears  that  we  oan  predetermine  with  some 
degree  of  accuracy  the  losses  in  a  transformer  core  when  we 
know  the  frequency,  the  thickness  of  the  plates,  and  the  value 
of  B.     B  can  >>e  found  directly  from  the  secondary  electro- 
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motive  force,  for  if  E,  be  the  ^/meau^  value  of  the  seoonduy 

electromotive  force  then 

S  being  the  cross-sectional  area  of  the  core. 

According  to  Steinmetz  the  hysteretio  constant  i;  rariea  con- 
siderably for  different  kinda  of  iron,  but  for  every  kind  the 
hysteresis  per  cycle  per  unit  of  volume  varies  as  the  l*6th 
power  of  the  maximum  induction  during  the  period.  So  far  as 
chemical  constitution  is  concerned,  the  purer  the  iron  the  lower 
the  hysteresis,  whilst  any  furuign  matter  ia  or  hardening  of  the 
iron  increases  it.  Especially  does  the  presence  of  manganese 
increase  it  immensely,  whilst  chromium  and  tungsten  much 
less,  and  carltoci  and  silicon  least  of  all.  An  increaae  of 
hysteresis  ia  always  accompanied  by  a  decrease  of  magnetic 
susccptibiUty. 

Id  order  to  aid  in  comparing  the  results  of  observation  with 
this  empirical  formula,  ve  append  a  Table  of  the  values  of  B 
from  1,000  to  10,000. and  the  corresponding  values  of  B**,  and 
of  the  products  of  B''«  and  -002,  '003,  -004,  -005. 

Table  of  lIyUfrt*is  Lo$$fs  in  Good  Soft  Iron^  calculate  from 
thf  formula  W  =  >;  n  B  *^  10~S  in  microwatts  per  cubic  centimetre, 
for  a  frequency   (\j  of  n=  100  for  ttariovs  masimum  induction*. 


I 
1 


Mftximutn 
inductioB 
deusitj  B. 

Value  of 

Valum  ol 

,nB>-«10->. 

B'* 

i;  =  -002. 

.^-■om 

1^=004. 

ii-'ooa 

1,0(10 

63,100 

1,262 

1.893 

2,524 

3,156 

2.(XH) 

191,300 

3,826 

5,739 

7.652 

9.5<J5 

3,000 

366,900 

7,318 

10,M7 

14,836 

18,296 

4,00<> 

fi80,000 

11,«00 

17,400 

23,200 

2ft,  000 

6,000 

828.800 

ltJ.G76 

24,804 

33.152 

41,440 

6,000 

1,111,000 

22/220 

;«,3:w 

44,440 

55,660 

7.000 

1.42tJ,000 

28,400 

42,  (WO 

6(1,800 

71.000 

8,000 

1,758,000 

35,lfiO 

52,740 

70.320 

87.900 

9,000 

2,122,000 

42,440 

(J3,0<J0 

44,880 

106,100 

10,000 

2,511,000 

50,220 

7Cy,XiO 

100,440 

125,560 

From  this  Table  and  the  one  before,  giving  the  eddy  current 
losses  in  iron  cores,  we  see  that  for  a  given  maximum  induc- 
tion densitj  the  eddy  current  loea  per  unit  of  volume  will   be 
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roughly  equal  to  the  hysteresis  loss  if  the  core  ia  made  up  of 
iron  wires,  each  '02  of  an  inch  in  diameter.  As  the  wires  of 
a  wire  core  are  always  selected  of  a  smaller  diameter  than  this, 
we  see  that  in  general  the  eddy  current  loss  will  be  much  leas 
than  the  hysteresis  loss.  This  points  also  to  the  fact  that  if 
there  could  be  found  any  way  of  debasing  the  electrical  conduc- 
tivity of  the  iron  without  deteriorating  its  magnetic  permeability 
and  without  increasing  its  hyateresia,  this  change  would  be  a 
valuable  improvement  Unfortunately,  iron  of  good  mairuetic 
permeability  always  appears  to  be  iron  of  large  electrical 
conductivity. 

Some  very  interesting  experiments  were  made  by  Mr. 
Alexander  Siemens  on  the  iron  core  losses  of  Siemens  Bros/ 
Cable  transformers.* 

In  these  experiments  the  rate  at  which  energy  was  being  dis- 
sipated in  the  iron  core  when  the  transformer  was  at  work  was 
estimated  by  the  rate  of  rise  of  temperature  of  one  of  the  iron 
wires  forming  the  core.  The  -rise  of  tomporaturo  of  this  wire 
was  estimftted  by  its  change  in  electrical  resistance.  This  test 
wire  was  insulated  by  cotton  covering  from  the  rest  of  the 
wires  forming  the  core. 

This  mode  of  constructing  transformers  was  foreshadowed 
by  Dr.  Werner  von  Siemens,  who  proposed  in  his  patent,  No. 
42  of  188G,  to  surround  the  primary  and  secondary  oircuita  of 
a  transformer  with  iron  wire,  but  bis  experiments  gave  no 
satisfactory  results. 

The  subject  was  recently  taken  up  again,  and  the  present 
form  of  these  transformers  was  suggested  by  Mr.  Dieselhorst 
and  Dr.  Baur. 

The  principal  advantage  which  ia  claimed  for  this  form  of 
tranHr>rmer  is  that  it  can  be  made  by  machinery,  in  the  same 

ly  as  a  submarine  cable  is  made,  tlie  employment  of  manual 
labour  in  putting  it  together  being  entirely  avoided. 

A  special  machine  has  been  designed  and  erected  for  com- 
pleting such  transformers  in  one  operation,  after  the  iron  core 
has  been  prepared  on  an  ordinary  rope-stranding  machine. 

Besides  offering  these  facilities  for  manufacture,  the  peculiar 

•  See  m  P»per  by  Mi'.  Alexander  Sicmeiui  in  ihc  Proe.  Inaticutinn  of 
Klftctricfcl  EiiKine«r«,  February,  1892;  alao  see  £Uelrieian,  VoL  XXVIIT., 
p.  431, 1892,  *'  Some  Experimental  InTefttigations  in  AlternatinK  Current*." 
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shape  of  the  cable  transformer  lends  itself  to  a  varietj  of  uftefal 
applicatioas. 

The  trausformer  used  for  the  experiments  had  a  core  of  900 
soft  iron  wires,  each  Imm.  in  diameter  by  6  metres  longf 
twisted  up  in  the  form  of  a  rope,  and  surrounded  hy  two 
windings  of  copper  wire,  properly  insulated,  the  one  for  high 
voltage  and  the  other  for  low  voltage. 

From  the  fact  that  the  diameter  of  the  transformer  is  very 
small  compared  to  its  length,  it  follows  tliat  the  ma^etic 
field,  and  consequently  the  induction  in  the  iron  oore»  is 
uniformly  distributed,  with  the  exception  of  a  alight  drop  at 
either  end. 

The  mean  induction  produced  by  passing  an  alternate  ourreat 
through  the  low-voltage  circuit  was  measured  by  the  difference 
of  potential  obtained  in  the  higb-voltage  circuit  while  no 
current  was  passing  through  the  latter. 

The  temperature  of  the  iron  core  was  ascertained  by  i neasur- 
ing  the  inoroase  in  the  electrical  resistance  of  one  of  its  wires, 
which  had  been  insulated  from  the  rest  by  a  cotton  covering. 

By  actual  comparison  it  was  found  that  one  of  the  wires 
near  the  periphery  gave,  within  the  limits  of  errors  of  observa- 
tion, the  same  results  as  the  central  wire,  so  that  the  exact 
position  of  this  "test  wire"  has  no  influence  on  the  result; 
the  heating  of  the  cotton  insulation  can  be  neglected,  as  its 
mass  is  so  very  small  compared  with  that  of  the  iron. 

Separate  teste  were  made  to  determine  the  specific  heat  of 
the  iron,  which  was  found  to  be  —  0*112,  and  the  tcm{>erature 
coefficient  for  the  electrical  resistance  of  the  test  wire,  which 
was  equal  to  0-0054. 

The  current  was  kept  on  for  a  short  time  only,  as  it  was 
desired  in  the  first  instance  to  determine  the  rate  at  which 
energy  is  converted  into  heat  in  such  a  transformer,  ami  the 
rise  in  temperature  after  keeping  the  current  on  for  a  seconds 
can  be  calculated  from  the  formula, 

t  ^  ^'  "  ^ 

'      -0054.  Ro* 

where  R^=  electrical  resistance  before  starting  the  current, 
and  H,  -  electrical  resistance  after  keeping  the  current  on  for 
I  seconds. 
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^H        During  the  time  that  the  current  passes,  the  test-wire  will            ^^^^H 

^^      lose  a  cerUin  amount  of  heat  by  radiatiou  and  convection,            ^^^H 

L          although  it  is  surrounded  by  all  the  ot^ier  iron  wires,  which  are            ^^^^H 

^m     heated  in  a  similar  manner.     This  loss  can,  however,  easily  be            ^^^H 

^H      allowed  for  by  plotting  a  **  cooling  curve"  after  the  passage  of            ^^^^| 

^P     the  current  has  been  stopped,  with  times  as  absciasoo  and  torn-            ^^^H 

peratures  as  ordinates.     In  this  way  the  rise  of  temperature  of           ^^^H 

the  iron  core  per  second  was  observed  with  an  alternate  current           ^^^H 

of  100  *\,  per  second,  varying  in  strength  so  as  to  produce  a            ^^^B 

^^      diHerent  induction  for  each  observation.                                                     ^^^| 

^P          Cousideriug  that  the  loss  of  energy  caused  by  the  heating  of             ^^^^ 

r          the  iron  as  proportionate  to  its  mass,  to  its  speci&c  heat,  and  to            ^^^H 

^—       its  rise  of  temperature  per  second,  it  was  possible  to  plot  a  curve            ^^^H 
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^H      1  mm.  in  diameter.                                                                                  ^^^^| 
^M          The  results  of  these  observations  on  the  total  waste  of  energy           ^^^H 
^B      in  the  core  are  plotted  in  curves  in  Fig.  39,  in  which  the           ^^^H 
^M      horizontal  abscissae  are  maximum  induction  densities,  and  the             ^^^| 
^H      vertical  ones  the  wiuite  of  energy  in  1  cwt.  of  the  core  in  watts.             ^^^H 
^m       The  three   curves   correspond   to   three  dilterent  frequencies.            ^^^H 
^B      Taking  these  total  wastes  wo  can  reckon  out  from  the  Table  on            ^^^H 
^^      p.  490  the  total  loss  due  to  cdtly  currents  alone,  and,  Heducting           ^^^B 
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thia  from  the  total  loss,  obtain  the  valuea  of  the  fayatei 
waste.     Thia  haa  beeu  doae  in  the  Table  below. 

Experiments  on  tke  Iron  Core  Lipases  in  a  Siernms 
Tramfoiintr  at  a  Frtf(uaicy  (  f\i)  of  100 /<»-  various  Inducti 
The  core  consisUd  of  iron  wireSf  1mm.  in  diameUr.* 
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By  deducting  iu  thia  way  the  caloulated  eddy  currenc  lo«s 
from  the  total  observed  loss  in  the  core,  a  Table  was  constructed 
of  pure  hyaterosis  losses  for  various  frequencies,  and  for  various 
inductions.  The  results  of  theso  calculations  are  ahown  in 
Fig.  40,  iu  wliich  the  hjatereaia  lossea  for  various  inductions 
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IiOM  1^  tiystcrens  in  iron  wire  cores.— Curve  4,  frequency  =  100  'Nj  per 
aeooncL  Curve  5,  frequcucy=66*7  ^  per  Mcond.  Curro  6,  static  Uyiibereeut 
ftooording  Ut  Pruf.  Ewing. 

are  plotted  for  frequencies  of  66*7  and  100,  and  also  a  curve 
of  static  hysteresis  ia  appended.  It  will  be  seen,  therefore, 
that  Mr.  Siemens'  experiments  agree  with  those  of  Mr.  Stein- 
metz  in  imUcating  an  increase  in  hysteresis  wa&to,  with  increase 

*  The  Table  haa  beeu  recalculated  by  the  nuth>'^r,  because  in  the  orieinai 
Paper  by  Mr.  SiouicnM,  a  «ltp  nocujn  in  the  caloulatinu  of  the  eddy  currvnt 
los*  which  makefl  the  resulting  vilup*>  t<'0  nmftll  by  about  20  i^er  cent, 
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in  frequency.  In  other  words,  that  there  is  a  kinetic  and  a  static 
bystere^ia,  or,  as  it  had  better  be  called,  a  slow-cycle,  and  a 
rapid-cycle  value  for  the  hysteresis  waste.  The  evidence  for 
this  rests,  however,  on  the  accuracy  of  caloritnetric  observations, 
vbich  are  difficult  to  make.  On  the  whole  it  may  be  well  yet 
to  suspend  judgment  as  to  whether  there  is  a  real  increase 
in  the  true  hysteresis  losses  in  irun  cores  with  inorouse  in  the 
speed  at  which  the  cycle  is  performed.  On  examining  the 
table  of  hysteresis  losses  for  the  cable  transformer  it  will  be 
seen  that  the  hysteresis  loss  is  proportional  to  the  induction 
density  simply,  and  not  to  the  IGth  power.  The  total  loss  W 
in  watts  per  cubic  centimetre  of  the  core  of  the  Siemens*  cable 
transformer  is  very  nearly  expressed  by  the  equation 

diiB  y2     -625  nB 


W 


-(f 


10' 


(22), 


xio*v 

The  first  term  on  the  right-hand  side  represents  the  eddy 
current  loss,  and  the  second  term  the  hysteretic  loss.  In  this 
equation  d  is  the  diameter  of  the  iron  wires  in  millimetres  and 
A  is  the  frequency.  On  the  other  hand,  it  is  found  by  trial 
that  the  total  loss  W,  in  watts  per  cubic  centimetre,  of  tho  iron 
core  of  the  wire  core  transformers  employed  by  MesHrs. 
P'ortenbftugh  and  Sawyer  in  tho  erperimeats  described  on  page 
481,  can  be  very  nearly  expressed  by  Stelnmetz  law,  viz., 


^y^4^/^n2B2        •004nB''« 


(23). 


10'^  10" 

where  d  is  the  diameter  of  the  wire  in  mils  and  n  is  the 
frequency.  For  the  last  equation  it  is  easily  seen  that  for  the 
induction  density  most  generally  used  in  cores,  viz.,  a  maximum 
of  4,000,  and  for  wire  cores  composed  of  wires  1  mm.  in 
diameter,  and  for  a  frequency  of  100,  the  total  loss  in  watta  in 
the  core  is  about  I  watt  for  every  30  cubic  centimetres  of  core 
volume,  such  loss  being  about  two-thirds  hysteretic  loss  and 
one-third  eddy  current  loss.  Hence  for  this  or  for  any  other 
induction  density,  if  the  total  coro  waste  to  be  allowed  is  known, 
the  volume  of  the  core  which  will  permit  this  to  be  the  case 
can  be  predetermined.  As  an  illustration  of  the  application  of 
the  foregoing  principles  to  a  real  case,  let  us  predetermine  the 
total  losses  in  the  iron  core  of  the  small  Westinghouse  Trans- 
fom)er  lifted  by  Prof.   Ryan  in  tho  experiments  de«cril»ed  on 
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page  445.  The  transformer  core  consisted  of  iron  plates  one- 
half  millimetre,  or  20  mils,  thick.  The  total  volume  of  the 
core  was  2,050  cubic  ceatimetres,  the  maximum  induction 
density  3,850,  and  the  frequency  138.  Kequired  to  find  the  total 
losses  in  this  core.  We  have  then  X  =  20,  n  =  188,  B  =  3,850. 
Hence  the  eddy  current  loss  j>er  cubic  centimetre  is,  by  equation 
(IG),  equal  to 

(20)2  X  (138)«  X  (3,850)2  x  10-ic  =  -011  watt, 

and  the  hysteresis  loss  per  cubic  contimotre  is,  by  equation  (20), 
equal  to 

•0045  X  138  X  (3,850)»'«  x  10-»«  -036  watt. 

Hence  the  complete  loss  ia  '047  watt  per  cubic  centimetre,  and 
the  total  loss  in  the  whole  core  nearly  06  watte.  The  actually 
observed  loss  was  95  watts. 


§  9.  The  Practical  Oonstructlon  of  the  Transformer. — Be- 
fore proceeding  to  consider  the  question  of  the  desi^  of  trans- 
formers,  it  will  be  desirable  to  make  some  reference  to  practical 
procetmea  of  coustruction.  Two  distinct  matters  present  them- 
selves to  the  constructor  :  the  first  of  these  is  tho  cost  of 
construction;  the  second  the  performance  of  tho  apparatus  when 
made.  The  intelligent  manufacturer  aims  at  producing  the 
best  appliances  at  the  possible  lowest  cost.  In  doing  thiu  he 
has  to  consider  all  kinds  of  questions,  such  as  the  ease  of  manu- 
facture and  repair,  and  to  achieve  the  best  resulta  in  this 
direction  without  eocrifice  of  efficiency  in  the  end.  A  form  of 
transformer  which  may  be,  theoretically,  very  perfect,  may 
have  very  smull  practical  use  if  the  superior  difficulties  of 
manufacture  of  the  most  perfect  form  rule  it  out  of  the 
market  iu  competition  with  other  less  perfect,  but  more  prao- 
tical  forms. 

A  ring  of  fine  iron  wire  wound  closely  over  with  two  inters 
twined  circuits  would  present  several  theoretical  advantages  aa 
a  transformer  ;  but  such  an  ideal  form  is  difficult  to  wind  and 
expensive  to  repair,  and  accordingly  ia  not  a  good  form  of 
oommercial  transformer  to  employ. 

Beginning,  then,  with  the  conducting  circuits,  from  what 
has  bucn  already  said  the  reader  knows  that  the  coostruo- 
tor  hu4  to  make^  in  the  first  place,  tho  iron  core,   either  a 
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closed  or  an  open  magnetic  circuit,  and  to  wind  this  over  with 
two  distinct  and  insulated  circuite  of  wire.  In  some  old  forma 
of  transformer,  such  aa  the  old  Zipernowsky  form,  these  circntta 
were  wound  on  the  iron  core  directly  by  hand.  At  present  the 
almost  universal  practice  ia  to  wind  these  primary  and  second- 
ary circuits  first  on  &/ormfr  or  frame.  If  the  coil  ia  to  remain 
on  this  frame  or  bobbin,  then  this  last  is  generally  formed  of 
ebonite  or  porcelain,  or  some  good  insulator.  The  circuits 
generally  consist  of  copper  wire  or  strip,  double  covered  with 
cotton,  or  insulated  with  vulcanized  fibre  or  japanned  pa]>er. 

Speaking  generally,  it  ia  not  a  good  plan  to  trunt  too  much 
to  shellac  varnish  or  layers  of  shellaced  calico  as  an  insulator. 
When  cotton  6bre  is  dried  and  shellac  varnished,  it  is  a  good 
insulator  for  a  time,  but  it  soon  becomes  capable  of  abHorbing 
moisture ;  and,  moreover,  if  the  transformer  gets  hot  it  seems 
as  if  the  shellac  carbonises  very  readily  at  a  low  temperature, 
and  then  ra[)tdly  becomes  conducting. 

Each  primary  and  secondary  circuit  should  be  split  up 
into  a  number  of  coils,  so  arranged  that  no  two  adjacent 
layers  of  wire  are  at  any  great  difference  of  potential.  Next 
comes  the  question  of  insulating  the  primary  coil  from  the 
secondary  coil,  and  both  coils  from  the  iron  bands.  Tliis  needs 
very  great  attention.  Mica  is  very  often  used  for  this  purpose, 
also  ebonite  and  porcelain.  Layers  of  shellaced  cloth  or  paper 
are  most  commonly  employed,  but  do  not  make  a  satisfactory 
permanent  insulation,  neither  does  baked  and  shellaced  vulcan- 
ize 6bre.  Later  on  we  shall  ehow  how  the  section  and  length 
of  wire  in  both  coils  is  to  be  calculated  for  a  given  transformer  ; 
but  at  present,  assuming  this  known,  we  have  to  do  merely 
with  practical  details.  The  coils  being  wound  and  insulated, 
whether  on  frames  or  not,  have  next  to  be  built  up  round  the 
core,  or  tlie  core  made  to  enclose  theni.  In  any  case,  what  has 
to  be  done  ia  to  provide  an  iron  path  for  the  lines  of  force. 
This  may  take  endless  different  forma,  several  of  which  have 
been  illustrated  in  the  previous  chapters. 

Roughly  distinguishing,  wo  may  say  the  core  takes  one  of 
four  forms — Ist  Stampings  of  sheet  iron  of  an  E  shape  are  put 
together  over  the  coils,  face  to  face,  so  aa  to  form  a  double  path 
for  the  lines  of  force.  Of  this  type  are  the  Mordey  Transformer, 
the  1ate8(>pattem  Ganz  Transformer,  and  the  Westinghouse 
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Transformer.  The  new  Ganz  Transformer  consiats  of  a  pile 
E-ahaped  atampinga  of  sheet  iron,  which  are  compressed  and 
fixed  with  the  back  of  the  £  to  a  round  iron  disc.  A  pair  of  these 
discs  are  then  placed  face  to  face,  and  held  together  by  tie-rod«. 
The  primary  and  Becondfiry  coils,  wound  on  frames,  are  slipped 
on  to  the  middle  bar  of  the  E,  the  faces  of  the  iron  stanapiDgs 
being  planed,  so  that  where  opposed  edges  of  the  atampings 
meet  they  make  a  good  magnetic  joint.  The  tie-rods  hold  the 
halves  of  the  core  together,  yet  thoy  can  be  separated  in  a  few 
minutes  to  get  at  or  replace  a  coil.  The  second  typo  is  that 
roproBcnted  either  by  a  Ferranti  TranHformor,  or  by  snch  a 
form  aa  that  shown  in  Fig.  41,  wliith  has  been  used  by  Messni. 


Fio.  41. — 'Wriglit'*  "Brighlon"  Tmmformcr  in  rroccas  of  Mauur»ciure. 
showing  Mflibud  of  Slipping  Platra  over  Coils. 


Rapp,  Snell,  and  TrVright,  and  revived  recently  by  Messrs.  Pyke 
and  Harris.  In  this  form  the  two  coils,  primary  and  secondary, 
are  overlaid  and  then  clad  in  iron,  either  as  is  done  by  Ferranti 
or  as  shown  in  Fig.  41,  by  slipping  split  U-shaped  or  split  frame- 
shaped  sheet  iron  stampings  over  both  ooils  to  enclose  them  round 
with  iron.  A  third  typical  form  is  that  represented  either  by  a 
Swinbumo  Hedgehog  Transformer,  or  by  a  Siemens  Cable  Trans- 
former. In  this  case  the  magnetic  circuit  is  an  open  circuit,  that 
is  one  not  completely  consisting  of  iron.  The  Siemens  Cable 
Transformer  is  made  by  winding  the  two  circuits,  primary  and 
secondary,  on  to  an  iron  rope,  which  forms  the  core.    A  certain 
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length  of  this  cablo  depending  on  the  size  and  tTanafonning 
power  of  the  core  is  then  wound  spiral  fashion  on  to  a  fratno 
(see  Fig.  42),  and  forms  an  open  circuit  trAnsformer  of  a  very 
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Fio.  42.— SEflmeiw'  "Cable  "  Trensfoniier.    Elevation. 

efiective  character.  In  this  particular  form  of  transformer  the 
primary  and  secondary  circuits  are  so  completely  interwoimd 
that   magnetic  leakage  is  almost  absent.      The  illustrations 
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show  in  plan  and  eleyatton  a  cable  transformer  coiled  and 
fixed  for  use  in  a  skeleton  stand,  with  the  terminals  of  tbe 
primary  and  secondary  circuits  arranged  on  the  top.  There 
w  a  liiff^e  cooling  surface  in  proportion  to  the  output^  and  a 
hi^;h  efficiency  and  small  *'drop."  Thus  the  150  horse-power 
transformer  would  weigh  about  30  owt  in  all  with  stand.  It 
would  have  an  efficiency  of  94  per  cent,  at  full  load,  93  or  94 
per  cent,  at  half  load,  and  00  per  cent,  at  quarter  load,  and  the 
** drop"  at  the  secondary  terminals  between  full  and  no  load 
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would  be  between  3  and  4  per  cent  The  weights  of  the  10, 
50,  100  and  200  horse-power  sizes  with  stand  are  respectively 
f>-5,  13'5,  22*5,  and  42  cwt.  In  the  fourth  form  we 
have  a  laminated  closed  iron  circuit,  which  is  wound  over 
Gramme  ring  fashion,  with  primary  and  secondary  coils.  The 
coils  are  either  overlaid,  as  in  the  Lowrie-Hall  Transformer  (gee 
Fig.  75,  p.  22G)  or  sandwiched  in  between  one  another,  aa  in  the 
form  shown  in  Fig.  49  (p.  90),  due  to  Dr.  Hopkinson.  Many 
other  forms  are  possible.  In  the  Schuckert  Transformer,  for 
use  with,  what  are  called,  polyphase  or  rotary  field  altematorB, 
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the  iron  circuit  oonsists  of  iron  strip  rolled  up  into  a  flat  disc 
by  being  wound  in  a  spiral  form^  grooves  are  then  planed  out 
in  this  disc  (see  Fig.  43),  and  ooila  6ttcd  into  these  grooves. 
A  lid,  similarly  formed,  is  then  fastened  on  by  bolts  so  as  to 
I  complete  the  magnetic  circuit  (see  Fig.  44). 
^K  In  the  transformers  used  irith  the  "Drehstrom  *'  or  rotskry  field 
^^    dynamos,  the  iron  circuit  is  somewhat  differently  disposed. 


Fio.  44. — Core  of  Schuckert  Polyphoae  Tmuformer. 

Space  will  not  permit  us  to  enter  into  a  description  of  the 
dynamos  and  mode  of  operation  of  the  polyphase,  Drchstrom, 
or  rotary  field  system,  u  it  ia  variously  called.  Suffice  it  to 
say,  that  in  this  system  there  are  three  or  more  circuits,  each 
of  which  is  traversed  by  an  alternating  current,  the  various 
alternating  currents  in  these  circuits  differing  in  phase  by 
equal  amounts.  Hence,  the  corresponding  transformer  has  to 
be  made  with  throe  or  more  primary  coils,  and  the  same  number 
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of  Boccndary  coils.  It  will  be  sufficient  to  desortbe  one  form 
via,,  that  of  Dobrowolsky, 

This  traoHformor,  in  the  form  used  in  the  Frankfort-LAuffea 
high-teusiou  transmiasion  (1891)  experimeuts,  consists  of  threfl 
linear  iron  wire  cores. 

These  are  connected  at  the  top  aud  bottom  by  a  lamiuatcd 
iron  ring  (mm  Fig.  45),  and  each  core  is  wound  with  a  primary 
and  secondary  circuit.  The  primar}'  coil  is  separated  frotn  the 
secondary  coil  by  a  porcelain  insulating  sheath.  The  completed 
transformer  {see  Fig.  46)  is  put  into  an  iron  cose  aud  acaled  up 


Fxo.  46. 

in  oil.  The  mode  of  connection  of  the  armature  circuits  a: 
transformer  circuits  ia  shown  in  Fig.  47,  which  represents 
the  arrangement  as  used  in  the  experiments  at  Frankfort  in 
1891,  in  which  power  was  transmitted  for  a  distance  of  109 
miles  at  a  pressure  of  10,000  to  25,000  volts. 

The  three  circuitsof  the  armature  of  the"Dreh8troai,"or  thrvs. 
phase  alternator,  are  represented  in  Fig.  47.  Each  of  these 
circuits  is  in  turn  the  seat  of  an  alternating  E.M.F.  force,  which 
sends  an  alternating  current  out  along  the  Hue  and  back  by  the 
return  wire,  which  was  kept  at  zero  potential  by  being  "earthed." 
Id  the  Frankfort- LauHen  experiments  the  current  was  generated 
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FiC.  46. — EleTtttion  of  Tlire<;-ithine  Tr;in4fi'nrier  as  uwd  iu  tbeFraukfurt- 
LautTen  Hxj)minenta  of  1881. 


Rcliirn. Ti  RetLrn.  T, 
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1  fsT      ^  F*  *•? 

_f    ?  Circuit  3.         ^    \ |_ 


Kio,  47. — Tluee-pliMOor  Drelttilrouj  Syiiteui of  TnuiBfuruiui  I laQauiiriHi^in. 
D,  D,  D,— Three  umfetara  ctrctdt*  of  dynamo.  P,  P.  Pj,— Three  printnry  cIrcUlU 
of  tUb-ap  Kransrormer  T,.  S,  H,  H,— ThroeMooncUry  cffcuitj  ol  Atait-up  trtintfonaer 
T,.  P,  P,  p,— Three  prtmur  cirCTrita  of  itip-dovii  trumfornirr.  S,  8,  .S,— Tlir« 
Hcondary  crtoiiU  of  atop-dowii  traiwfQrnier.    L,  Lj  L,— Lamp*  or  iDoton. 
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at  a  pressure  of  50  volts,  and  then  raised  in  pressure  bj  thu 
transformers  for  transmission. 

At  the  receiving  end  it  was  reduced  in  pressure  again  to  the 
same  amount.  The  transformers  used  had  a  power  of  200,000 
watts  and  a  transformation  ratio  of  1  :  160,  and  they  therefore 
could  raise  the  pressure  of  7S  Tolts  existing  between  any  two 
wires  of  the  dynamos  to  12,500  ;  and  by  using  two  transformers 
in  series  to  25.000  volts.  The  number  of  oomplet-o  alternations 
was  40  per  second. 

§  10.  The  Practical  Testing  of  Transformers. — Tn  testing 
the  insulation  of  a  transformer  between  the  prinaary  and 
secondary  coils  any  process  of  measuring  the  insulation  resis- 
tance with  a  galvanometer  and  a  Wheatstone's  bridge,  or  similar 
methods  using  low  continuous  potentials,  is  a  perfectly  useless 
performance.  Those  not  experienced  in  these  things  often  con- 
sider that  some  sort  of  safeguard  for  the  performance  of  a  trans- 
former is  found  in  specifying  for  a  certain  number  of  thousand 
ohms  or  megohms  of  insulation.  This,  however,  is  erroneoua 
The  only  really  useful  tests  consist  in  exposing  the  different 
portions  of  the  insulation  of  the  transformer  to  electric 
pressures  of  two  or  three  times  that  which  in  practice  -will 
come  upon  them,  and  subjecting  them  to  this  increased 
pressure  for  a  sufficient  time.  Every  transformer  should  be 
subjected  to  the  following  testa  before  being  aocepted,  and 
put  into  use : — A  pressure  in  alternating  volts,  equal  at  least 
to  double  the  high-tenaion  pressure  at  which  it  is  to  be 
worked,  should  be  applied  between  the  primary  coil  and  the 
secondary  coil,  and  between  the  primary  coil  and  the  iron 
bands  or  plates  or  iron  case.  This  pressure  should  be  kept 
on  for  at  least  an  hour.  If  the  transformer  stands  this 
test,  it  is  probably  in  good  order.  In  the  next  place,  the  mag- 
netising current  of  the  transformer  when  on  open  secondary 
circuit  should  be  measured.  This  should  be  done  both  on  the 
low-pressure  or  the  high-pressure  sides.  A  large  magnetising 
current  is,  for  several  reasons,  undesirable.  Owing  to  their 
less  relative  primary  circuit  self-induction,  open  iron  cirx3uit  or 
open  magnetic  circuit  transformers,  size  for  size,  require  larger 
magnetising  currents  than  closed  ironcircuit  transformers. 
That  is  to  say,  if  we  take,  for  instance,  a  5  H.P.  Swinburne 


J 
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Hedgehog  Transformer,  we  sball  find  that  when  on  open  seoon* 
dary  it  takea  more  primary  current  than  a  Mordey  or  a  West- 
iugbouae  Transformer  of  the  same  size.  This  in  itself  is  a  disad- 
vantage in  some  ways.  Mr.  Swinburne  has  proposed  to  meet  this 
difficulty  by  placing  a  condenser  across  the  primary  terminals  of 
the  transformers.  We  have  seen  in  §  9  (p.  391)  of  Chapter  III. 
that  if  a  condenser  is  short-circuited  by  an  inductive  resistance, 
the  current  in  this  shunt  may,  under  proper  conditions  as  to  capa- 
city and  self-induotiooy  be  greater  than  the  main  current  before 
division.  Hence,  we  can  as  it  were  produce  the  necessary  mag- 
netising current  for  the  transformer  out  of  a  condenser,  and 
avoid  actually  generating  it.  The  production  of  a  good  econo- 
mical condenser  capable  of  working  at  pressures  of  2,000  or 
2,400  volts  is,  therefore,  an  important  matter,  and  would  enable 
the  magnetising  current  for  suoh  open-circuit  transformers  to  be 
supjilied  without  increase  of  current  producing  capacity  in  the 
generating  plant.  In  addition  to  the  foregoing  testa  an  examina- 
tion should  be  made  of  the  "drop"  in  the  secondary  circuit 
between  full  load  and  no  load.  If  this  is  more  than  5  per  cent,  of 
the  secondary  pressure  at  no  load,  the  transformer  will  have  a 
very  hmited  use.  In  testing  large  transformers  it  is,  of  course, 
desirable  to  analyse  this  **  drop,"  and  find  out  how  much  of  it 
depends  on  true  magnetic  leakage,  and  how  much  on  true 
copper  resistance.  This  is  easily  done  when  the  ourrent^i  and 
true  ohmio  resistances  of  the  circuits  are  known. 

A  most  important  matter  is  the  question  of  heating.  Special 
tests  should  bo  made  before  extensively  employing  any 
particular  pattern  of  transformer,  to  usccrtain  the  stationary 
temperature  at  which  that  transformer  arrives  when  worked 
continuously  at  either  full  load  or  no  load ;  the  latter  being 
the  most  important.  The  transformer  should  have  thermo- 
meters inserted  into  it  in  various  places,  and  an  hourly  record 
of  temperature  taken,  and  note  made  of  the  time  at  which  the 
temperature  becomes  approximately  stationary.  This  ought 
not  to  exceed  150'  Fahr.  A  high  temperature  at  no  load  is 
the  result  of  a  badly  designed  iron  core  or  too  large  a  magnet- 
ismg  current.  In  either  case  the  result  is  a  waiite  of  energy 
and  danger  of  carbonising  the  insulation.  In  the  case  of  large 
transformers  good  ventilation  of  the  core  is  essentiaL  In  the 
case  of  oil-intulfited  transformers,  convection  comes  into  play 
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to  assist  in  the  rcmoTal  of  the  heat  ]  and  special  devices  hare 
been  suggested  for  causing  a  circulation  of  oil  round  and 
through  the  transformer.  Merars.  Pjke  and  Harris  and  othen 
have  employed  such  oil-circulating  devices,  both  in  conneetioii 
with  inductiou  coils  and  transformers.  In  this  case  the  bestad 
oil  is  made  to  rise  upwards  and  pass  by  convection  through  ft 
cooler  and  then  How  down  again.  In  the  caae  of  large  sub- 
station trausrormers  a  system  of  water-cooling  pipoa  might 
also  be  similarly  employed. 


§  11.  The  Predetermination  of  the  Primary  Ouirent  of 
Transformers  on  open  Secondary  Oircuit. — AVhen  an  alter- 
nating electromotive  force  is  applied  to  the  primary  terminala 
of  a  transformer  with  open  secondary  circuit,  or  to  the  terminals 
of  a  simple  choking  coil,  a  small  current  is  found  to  flow  through 
the  ciroait,  which  is  commonly,  but  rather  erroneously,  called 
the  ''magnetising  current."  It  would  be  better  to  call  this  the 
"core"  current,  because  its  magnitude  is  very  largely  dependent 
upon  actions  taking  place  iu  the  iron  core.  If  a  given  oon- 
duoting  circuit,  say  an  insulated  copper  wire,  is  wound  on  a 
bobbin  non-inductively,  and  a  certain  alternating  electromotive 
force  applied  to  the  ends  of  the  circuit,  it  is  a  very  easy  in&tter 
to  calculate  the  ampere  value  of  the  current,  which  will  tinder 
these  oircumatancea  flow  through  the  circuit.  For  the  ^mean^ 
value   of  the  current   is   at  once   obtained  by   dividing  the 

^meau^  value  of  the  electromotive  force  by  the  ohmio  resist- 
ance (R)  of  the  wire.  Again,  suppose  that  this  same  circuit  is 
Wound  inductively  on  a  uou-magnetic  and  non-conducting  core 
or  bobbin,  the  circuit  has  then  a  detinite  inductance  (L),  and 
the  ^mean^  value  of  the  current  is  obtained  by  dividing  the 

^mean=^  value  of  the  electromotive  force  by  the  impedance 
{Jii^+p^lj*)  of  the  oircuit.  In  both  these  cases  the  energy 
supplied  to  the  circuit  is  simply  dissipated  in  the  form  of  heat 
in  the  copper  circuit.  If,  however,  we  suppose  the  cop|>er 
circuit  to  be  wound  inductively  on  a  magnetisable  core,  the 
problem  of  predetermining  the  current  b  not  qtiitc  so  simple. 
If  the  core  is  au  ordinary  iron  core,  then  the  energy  supplied 
to  the  circuit  is  taken  up  iu  three  ways — (i.)  it  is  partly  dis- 
sipated as  heat  iu  the  copper  circuit;  (ii.)  it  ia  further  dis- 
sipated by  true  magnetic  hystereois  WMte  in  the  iron  core  : 
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and  (iii.)  it  is  also  wasted  by  reason  of  eddy  currents  set  up  in 
the  core.  A  little  refieotion  will  show  that  the  final  result  of 
both  hysteresis  and  eddy  current  waste  is  equivalent,  as  far  as 
energy  waste  is  coneemed,  to  closing  a  secondary  circuit  round 
an  ideal  non-hysteretic  and  non-conducting  core.  For  we 
may  imagine  that  the  energy  waste  due  to  all  the  little  eddy 
currents  in  the  core  and  that  due  to  the  magnetic  reversals  to 
be  imitated  by  simple  resistance  waste  of  a  secondary  current 
of  a  certain  magnitude  (lowing  in  a  closed  secondary  circuit 
wrapped  round  a  perfectly  ideal  iron  core  in  which  these  wastes 
do  not  go  on.  We  have  seen  that  the  effect  of  the  secondary 
circuit,  when  olosedf  is  to  advauce  the  phase  of  the  primary 
current,  and  to  increase  its  mean  value.  Hence,  wo  may  con- 
clude that  the  total  effect  of  the  eddy  currents  and  the 
hysteresis  losses  in  an  iron  core  upon  the  phase  and  magnitude 
of  the  so-called  magnetising  current  is  to  increase  its  magnitude, 
and  to  bring  it  more  into  consonance  with  the  impressed  electro- 
motive force  as  far  as  phase  is  concerned. 

This  action  introduces  further  difficulties  into  the  problem  of 
predetermining  the  magnetising  current  of  a  trausfonuer,  or 
the  current  flowing  through  a  choking  coil  wheu  subjected 
to  a  certain  alternating  electromotive  force  of  determined  mag- 
nitude and  frequency. 

The  general  solution  of  this  problem  is  a  rather  difficult 
matter;  but  we  siiall  see  that  fortimately  it  may  be  easily 
solved  for  the  cases  moat  likely  to  occur  in  practice. 

For  the  moment  let  us  suppose  ouraelves  dealing  with  a  core 
in  which  both  eddy  current  and  hysteresis  waste  are  so  small 
as  to  be  negligible,  and  consider,  under  these  circumstances, 
how  the  magnitude  of  the  current  (lowing  through  the  primary 
circuit  wheu  the  secondary  circuit  is  open  is  to  be  determined. 

Let  H  be  the  true  resistance  of  the  primary  circuit,  e  the 
instantaneous  value  at  auy  time  of  the  impressed  electromotive 
force  acting  on  this  circuit,  and  let  i  be  the  value  of  the 
current  flowing  through  the  circuit  at  that  same  instant. 
Also,  let  S  be  the  cross-section  of  the  magnetic  circuit  or  of 
the  core,  and  /  be  its  mean  length,  and  N  the  number  of  turns 
of  the  primary  current  round  the  core,  and  i*  the  frecpiency  of 
the  alteruations.  Let  h  be  the  value  of  the  induction  density 
iu  the  cure  at  the  instant  of  time  considered. 
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We  shall  suppose  the  electromotive  force  to   be  a  simple 
periodic  function  of  the  time,  aa  usual,  so  that, 

e^Esinjtil. 

If,  then,  ft  is  the  value  of  the  true  magnetic  permeabilitj  of 
the  core  at  the  inatant  when  the  induction  detuiity  ia  6,  th« 
relation  between  i  and  b  will  be  expressed  bj  the  equation. 


A    N     .    , 
♦  IP— /x»s6 

c 


■  Oh 


If  instead  of  measuring  t  and  b  in  G.-Q.-S.  or  absolute  unita  we 
measure  i  in  amperee  and  b  in  gausses*  per  square  centimetre 
then  equation  (1)  becomes, 

wl^'^' <-'• 

These  equations  immediately  follow  from  the  faots  that  the 
maKuetic  force  in  the  interior  of  a  closed  solenoid  is  by  a 
fundamental  principle  equal  in  magnitude  to  -ir-timefi  the 
absolute  current  turns  per  unit  of  length  of  the  solenoid, 
and  also  that  the  quotient  of  induction  density  by  permea- 
bility is  a  measure  of  the  magnetic  force  in  the  interior  of  the 
core.     From  ('2)  it  immediately  follows  that, 


and  that 


10»    i 


4rSNa    d 


fXt 


SN6 


dh 


W    I    ^dt  ili 


(3); 


(4). 


Again,  since  e  is  the  instantaneous  value  of   the   imprttsed 
electromotive  force  it  follows  that  at  every  instant 


«-R»+SN 


.<ib 


dt 


(5). 


If  the  resistance  of  the  copper  circuit  is  very  small  then  in 
practice  it  will  nearly  always  happen  that  the  ma^itude  of 
the  resultant  electromotive  force,  Rt,  is  very  small  compared 

with  the  electromotive  force  of  self-induction,  viz.,  S  N  _     Thia 

dt 
will  always  be  the  case  if  the  number  of  turns,  N,  of  the  wire 

*  One  K»u«  is  %  unit  of  m&^ntic  induction  v\mvA  to  10"'lm««  of  fo9«e  ** 
or  0.>O.-8.  uuita.  ' 
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wrapped  in  the  oore  is  conaiderable. 
write  (5) 


Hence  ia  general  we  may 


di 


Hence  from  equation  (4)  it  follows  that 


4  7rSNS     d% 
10»     I    *^di' 


but  since  0  «  E  ain  j>  t  we  have 
109/E 


JBlnptdt  , 


(6); 


47rSNV 

and  hence  the  maximum  value  of  t,  which  we  maj  write  I,  ia 
given  by  the  equation, 

I- .  ]^:l^    (7). 


Before  wecanraakeanyuseof  the  above  formula  (7)  we  must 
have  some  notion  of  the  value  to  be  given  to  /i  in  the  equation. 
It  may  be  useful  to  put  down  here  the  values  of  /i  obtained  by 
Prof.  Ewiug  for  a  very  long,  soft,  and  well-annealed  iron  wire, 
corresponding  to  certain  values  of  the  induction  density  in  the 
wire.     They  are  as  follows  : — 


H 


The  induclioa  denutr 

(B)m 

C.-G.-S.  mcuare. 

1,000    

2,000 


Corretponding  ralue  of  the 

permeabDitT  {ft)  for  Rood 

soft  wrought  iron. 

660 

880 


3.000  laflo 

4,000    1,400 

6,000    1.000 

6,000    1,800 

7,000     1,960 

8,000     2,120 

9,000    2,280 

,10,000    8,360 


If  we  apply  the  values  of  fi  taken  from  the  above  table 
in  conjunction  with  the  equation  (7)  to  calculate  the 
maximum  value  of  the  primary  current  on  open  secondary 
circuit  for  any  transformer  of  the  closed  magnetic  circuit 
type,  we  shall  generally,  but  not  always,  find  that  the  so 
calculated  value  of  the  current  ia  less  than  the  observed 
value.  In  many  oaaea,  however,  the  formula  will  give  us  a 
fair  approximation  to  the  maximum  ralue  of  the  so^alled 
magnetising  current.     Thus,  for  example,  take  the  case  of  the 
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small  WestinghouBe  transformer  employed  in  Rjau^s  ezperimeot 
and  referred  to  in  §  1  of  this  chapter.  The  mean  length  {()  of 
the  magnecic  circuit  is  31  centimetres,  the  cross  section  (S)  63 
square  centimetres,  and  the  number  of  turns  (N)  of  tbt 
primary  circuit  675.  The  frequency  {n)  waa  138,  and  tb* 
value  of  K,  1,400  volts.  Insert  these  values  in  (7)  and  wo 
have 

j_  10"  X  31x1400  139 

"8  7r2xG3x(G75)3xl38x/i"   ^        '     *     ^'' 

The  maximum  value  of  the  induction  density  was  in  this 
case  nearly  4,000.  Corresponding  to  B  — 4,000,  the  static 
permeability  of  aoft  iron  ia  1,400.  If  wo  put  /a=  1,400  in  (S) 
we  have  1^*1  ampere,  whereas  a  reference  to  page  446  sboirs 
that  the  maximum  value  of  the  primary  current  on  opea 
secondary  is  -21  ampere.  The  quality  of  the  iron  may, 
however,  have  been  inferior.  Moreover,  the  eddy  ourreut  and 
hysteresis  loss  were  in  this  case  considerable.  If  we  give  /i  the 
value  of  700,  then  the  calculated  and  observed  values  of  I 
would  agree.  An  examination  of  other  oases,  however,  shows 
that  this  equation  (7)  will  give  a  fair  approximation  to  the 
observed  current. 

Mr.  Evershed  has  given*  the  data  of  a  30  horse-power 
Goolden-Ravenshaw  Transformer  as  follows : 

Mean  length  uf  uiagiietic  circuit  145  cms. 

Cross- sectional  area  of  the  magnetic  cir- 
cuit      95  sq.  cms. 

Total  volume  of  iron  in  core 13,700  c.c. 

Frequency    70 

Primary  turns 680 

Secondary  turns 34 

Primary  volte  2,000 

Secondary  volte  100 

Pi-imaiy  circuit  resistance "97  ohm. 

Secondary  circuit  resistance '003  ohm. 

ThicknoBS  of  core  plates    "05  cm. 

Fall  load  output 22,400  watts. 

Maximum  value  of  the  induction  density 

during  the  cycle 10,000  C.-G..S.  units. 

Maximum  viJue  of  the  primary  K.M.F.  12,800  volts. 

*  See  the  seriee  of  artiolee  on  "  The  Magnetic  Circuit  of  Traiififormerv 
in  The  EUetrieiuti  for  February  and  March,  1891,  Vol  XXVI. 
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Corresponding  to  B=  10,000,  we  have  /*  =  2,350.  Honce, 
substituting  the  proper  valuea  for  this  transformer  in  equation 
(7),  we  have 


I- 


109  X  145  >4  2800 


■7  ampere. 


8  TT^  X  95  y  (6bO)'^  X  70  X  2350 

Hence  the  maximum  value  of  the  magnetising  current  is  '7 
ampere  and  the  ^mean*  value  should  bo  nearly  "5  ampere. 
The  actual  value  is  given  as  half  an  ampere.  In  the  case  of 
a  number  of  other  closed  circuit  transformers,  all  of  which  are 
worked  at  an  induction  density  of  about  4,000  or  5,000  C.-G.-S. 
which  have  been  examined  by  the  author,  the  above  rule  gives 
a  tolerable  approximation  to  the  observed  magnetising  current. 
In  these  oases  it  was  found  that  by  taking  values  for  fi,  about 
200  less  than  those  given  by  Kwing  for  the  softest  wrought 
iron,  a  very  close  approximation  to  the  value  of  the  open  circuit 
current  could  be  obtained.  The  rule  must  not  be,  however, 
applied  indiscriminately,  and  is  only  valid  for  cases  of  closed 
circuit  transformers,  having  cores  of  good  soft  iron  well 
laminated,  and  for  cases  in  which  the  magnetisation  of  the 
iron  is  not  carried  up  over  the  *^knee"  of  the  magnetisation 
curve. 

It  could  not  be  applied,  for  instance,  in  the  case  of  a  solid 
wrought  or  caat-iron  core,  for  in  this  case  the  resulting  calcu- 
lated value  of  I  would  be  very  far  below  the  real  or  observed 
value.  Such  a  case  is  obviously  not  really  that  of  an  open 
circuit  transformer  at  all,  for  the  eddy  currents  set  up  in  the 
core  are  true  secondary  currents  of  considerable  magnitude. 

The  equation  (7)  may  be  reduced  to  another  form  by  express- 
ing the  value  of  /a  as  a  function  of  B.  As  the  permeability  fj. 
varies  with  the  induction  B,  we  may  express  /i  approximately 
as  a  function  of  B,  of  the  form 

/*=«B'' (8), 

where  a  and  p  are  constants.  To  find  the  values  to  be  given 
to  a  and  P  we  may  proceed  thus  :  Taking  logarithms  of  both 
aides  we  have 

log/i  =  loga  +  /3IogB (9). 

If  we  plot  this  curve,  taking  the  values  given  by  Kwing  for 
ft  nnd  B,  we  tind  that  it  is  approximately  a  straight  line,  and 
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that  we  have  very  nearly 


and  hence 


a-.5-6, /?-- 


(lOX 


Calculating  by  this  formula  values  of  ^  and  comparing  them 
with  the  observed,  we  find  a  fair  general  agreement,  especially 
between  B  « 1,000  and  B  <=  6,000. 


B. 

Observed  value  of  fju 

Vftlue 

calculated  from 

equ&UoD  ^=6-6BL 

1,000 

660 

560 

2,000 

880 

890 

3,000 

1,160 

1,1W 

4.O0O 

1,400 

1,410            m 

6,t>00 

1,600 

1,612             ■ 

6,000 

1,800 

1,848             I 

7,000 

1,960 

2,049             ■ 

8,000 

2.120 

2,240             1 

9,000 

2,280 

2,420            I 

10,000 

2,360 

2,596            ' 

From  B  =  1,000  to  B  =  5,000  the  constant  a  haa  exactly  the 
vahie  5'G,  but  from  5,000  to  10,000  the  observed  and  calculated 
values  of  fi  agree  better  if  we  take  a  =  5'3. 

If  we  take  a  — 5  and  ^  =  5B^  and  insert  this  value  of  /i 
in  equation  (7),  we  can  reduce  it  to  another  useful  form  for 
practical  work. 

For  taking  equation  (1),  page  512,  viz., 

N 


4ir^ftt  =  6 


and  putting  /a  —  5  6i  we  have 


20Tr^»-fel   . 


01). 


<12). 


If  we  put  1  for  the  maximum  value  in  amperes  of  the  primary 
current  of  the  transformer  in  open  secondary  circuit,  and  B  for 
the  maximum  value  of  the  corresponding  maximum  induction 
density  in  C.-G.-S.  measure,  and  E  for  the  maximum  value  of  ths 
impressed  primaxy  electromotive  forcef  then  we  reduoe  the 


r»TauoTioj< 
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equation  (1 2)  to  the  form 
44N 
7    / 
and  this  last  can  be  written 


I 


I  =  Bi  -(pSNE.lO")*  . 


^40//    E    Y 
"  N    VnSN/ 


(13). 


(14). 


From  equation  (14)  we  can  deduce  very  approximately  the 
maiimum  value^  I,  of  the  primary  **  magnetising  current"  of  a 
transformer  when  we  are  given  the  maximum  value  £  of  the 
primary  olectromotiTe  force,  and  the  dimcnaion,  section  S  and 
mean  length  /  of  the  magnetic  circuit,  the  number  of  tuma  N 
of  the  primary  coil,  and  the  frequency  n. 

The  above  equation  (14)  is,  like  equation  (7),  only  applicable 
to  closed  magnetic  circuit  transformers  with  good  soft  iron 
cores,  well  laminated,  and  in  which  the  ohmic  resistance  of  the 
wire  circuit  is  insignificant  in  comparison  with  the  impedance 
of  that  circuit.  But  under  these  circumstances,  when  eddy 
current  loss  is  small,  the  formula  (14)  is  useful  for  calculating 
the  open  circuit  ourrout  both  for  transformers  and  for  choking 
coils. 

We  shall  now  point  out  another  means  by  which  the  mag- 
netising current  can  be  approximately  predetermined  if  the 
total  loss  in  the  core  is  known. 

If  hysteresis  and  eddy  current  energy  loss  were  entirely 
absent  from  the  core,  it  is  clear  that  the  whole  energy  conveyed 
to  the  primary  oirouit  of  a  transformer  on  open  secondary 
must  be  simply  dissipated  in  heating  the  copper  of  the  primary 
circuit ;  and  hence,  if  this  copper  loss  is  also  small  the  actual 
power  given  to  the  transformer  would  be  Kero.  Under  these 
circumstances  the  phase  of  the  primary  currents  would  be 
very  nearly  90"  behind  that  of  the  impressed  electromotive 
force.  If  an  iron  core  so  well  laminated  that  eddy  current  is 
practically  absent  is  employed,  then  it  will  still  be  the  case 
that  the  instant  of  the  maximum  value  of  the  periodic  primary 
current  will  be  coincident  with  the  instant  of  zero  primary  elec- 
tromotive force,  even  though  the  form  of  the  primary  current 
curve  may  be  very  different  from  that  of  a  simple  sine  curve. 
This  is  true  even  though  the  magnetisation  of  the  core  is  carried 
ujt  very  much  above  the  •'  knee  "  of  the  magnetisation  curve. 
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In  Fig.  48  is  shown  the  indicator  diagram  of  a  small  choking 
coil,  or  transformer  with  no  secondary  circuit.  The  core  wia 
composed  of  fine  iron  wire  No.  36  gaugo  in  diameter,  and  it 
was  one  of  the  coils  employed  by  Messrs.  Fortenbaugh  and 
Sawyer  on  the  experiments  described  on  page  481.  Tbe  con 
consisted  of  fine  iron  wire  wound  up  into  a  ring.  The  ring  wu 
wound  over  with  insulated  wire,  and  the  choking  coil  so  formed 
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Fig.  4a 

Indicator  Diagram  of  Choking  Coil^  in  which  the  induction  ib  carried  up  to 
about  17,000  or  18,000  C.-G.-S.  unita. 

had   an   indicator  diagram   taken   by   Byan's   method.      Thi^ 
dimensions  and  data  were  as  follows  : — 

Mean  diumetor  of  ring  core   6*9  cm. 

Area  of  croas  section  of  core  3*14  eq.  cm. 

Mean  length  of  magnetic  circuit   205  cm. 

Maximum  induction  density  in  core...  17,800  C,-G,-S. 

Number  of  turns  of  wire 200 

Resistance Negligible. 

Frequency 92 

Impressed  E.M.F.  maximum  value ...  65  volts. 

Moun  loss  in  the  core '33  watt  per  && 


In  this  6ne  wire  core  eddj  current  loss  is  practically  absent  at              ^^^| 

I         this  frequency,  and  from  the  diagram  it  is  seen  that  although  the              ^^^| 

current  curve  is  very  far  indeed  from  being  a  sine  curve^  yet              ^^^| 

its  maximum  value,  of  5*9  amperes,  happens  at  the  instant  of              ^^^| 
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zero  electromotive  force.     Another  such  diagram  for  a  similar               ^^^| 
core  is  shown  in  Pig.  49.     In  this  case  the  induction  density  is               ^^^| 
not  carried  up  so  high,  but  the  same  fact  may  be  noted,  viz ,             ^^H 
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>  maximum   value   of   the    current    happens 
f  zero  electromotive  force.     If  we  next  conei 
the  eddy  currents,  we  shall  find  that  their  ] 
re  always  causes  the  phase  of  the  primary  cu 

the              ^^H 

der  the               ^^^H 
)re&enco              ^^^| 
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be  advanced  or  brought  back  more  into  oormonuLUoe  with  thiA 
of  the  impressed  electromotive  force. 

The  diagram  in  Fig,  50  ia  the  indicator  diagram  of  a  choking 
ooil  composed  of  a  aolid  coet-iron  core  wound  over  with  200 


DugruD  of  Statio  HystcrcaiB  (fnnfr  Curve)  and  Total  Loss  {Ovter 
Cttrve)  fur  a  Cut-IroD  King.  (Nuoiber  of  tunu  of  wire  in  rin^  200; 
■ectioD  of  ringi  2*7  sq.  cm.) 


turns  of  wire  of  negligible  resistance.  The  ring  bad  a  mean 
diameter  of  8'6  centimetres,  and  a  cross  sectional  area  of  27 
a(]uare  centimetres.  An  alternating  eloctromotivo  force  having 
u  frequency  of  105  was  applied  to  the  circuit,  and  the  diagram 


* 
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of  current  taken  by  Prof.  Ryan-  In  this  case  the  eddy  current 
losa  is  very  marked.  From  the  observed  value  of  the  induo 
tion  deoBity  B  and  the  primary  current  (i),  a  diagram  of  core 
loeses  waa  formed  ($ee  Fig.  51),  the  outer  curve  being  the 
(B,  t}  curve,  and  the  inner  curve  the  curve  of  static  hyatereaia 
deduced  from  separate  observations.  In  the  diagram  in  Fig.  51 
the  vertical  divisions  each  represent  0'0038  of  a  gauss,  and  the 
horizontal  ones  each  represent  4  amperes. 

The  whole  area  of  the  outer  ourve  reckoned  in  gauss-amperes 
or  joules  is  nearly  '8  joule,  and  this  is,  therefore,  the  whole 
energy  wasted  in  the  core  in  one  complete  magnetic  cycle.  Since 
the  frequency  is  nearly  200  the  whole  loss  of  power  in  the  core  is 
nearly  160  watts.  This  experimental  determination  can  be 
compared  with  a  predetermination  of  the  core  loss.  From 
the  dimensions  of  the  ring  we  find  easily  that  the  total  volume 
of  the  iron  is  73  cubic  centimetres.  The  diameter  of  the  cross 
section  of  the  ring  is  \/3*44  centimetres.  The  maximum 
value  of  the  impressed  electromotive  force  was  26  volts,  and 
that  of  the  induction  density  4,930  C.-G.-S.  unita.  The  fre- 
queccy  was  195. 

The   eddy  current  loss  per   cubic  centimetre,  as  given  by 

equation   7  on  pttge  487,  is  ?— -  d'B'n' 10~"  watts,  where 

16 

cl  is  the  diameter   of  the   section   in   centimetres,  and  c  is 

the   speciBc   conductivity  of   cast   iron.      For  cast   iron  the 

value  of  cir^  is  very  nearly  10^.      Hence  we  have  the  total 

loss  in  watts  in  the  ring  due  to  eddy  currents  equal  to 

195 X 4950 Y 
10«       / 


73x1^x3. 


44^- 


watts  <=  144'5  watts. 


The  hysteresis  loss  by  Steinmetz's  law  is  equal  to  '016  nB^*^  10~^ 
watts  per  cubic  centimetre  for  cast  iron,  and  hence  the  tota 
hysteresis  loss  for  the  whole  ring  is 

Therefore  the  total  core  losa  by  eddy  currents  and  hysteresis  is 

144*5 -f  18-5 «» 163  watts, 

which  agrees  closely  with  the  result  of  experiment 

The  magnetic  permeability  of  cast  iron  corresponding  to  an 
Induction  of  5,000  C.-O.-S.  is  nearly  200.     If  we  attempt  to 
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calonlfttG   the  current   through    the   circuit   when    a    peridie' 
olectromotivo  force,  having  a  maximnm  of  26  volts,  is  applied 
to  the  coil,  we  shall  find   that  we  gttt  a  value   far  below  thv\ 
observed  value.     For  if  we  insert  in  formula  (7)  the   pro| 
values,    viz.   E  =  2G,   /  =  27,   n^lOo,   S  =  2-7,    N  =  :;00, 
/I  =  200,  we  get 

j^ ICx  27x26 2 

8  X  9  ti7  X  2-7  X  200  x  (I'uO)^  x  195^     "'"Peree, 
whereaa  the  observed  maximum  value  of  the  current  is  about 
14  amperes.     This  is  because  the  immense  eddj  current  loss 
of  144  watts  renders  the  choking  coil  virtually  a  transfortner 
with  a  closed  secondary  circuit. 

We  shall  now  proceed  to  point  out  an  empirical  rule  which 
will  in  nearly  all  cases  enable  the  total  core  loss  to  be  predicted 
wheu  the  ao-callod  "magnetising  current"  is  given,  and  ricv 
versdt  provided  that  the  iron  circuit  is  a  closed  circuit,  and  that 
the  iron  is  fairly  well  laminated.  Under  these  circumstanoes 
we  have  shown  that  the  total  loss  in  the  core  can  be  calculated 
from  the  core  dimensions  and  from  the  secondary  electromotive  ■ 
force.  If  the  reader  will  refer  back  to  Fig.  13,  p.  455,  in  which 
is  shown  the  harmonic  analysis  of  the  primary  current  of  a 
transformer  ou  opeu  secondary,  he  will  see  that  the  current 
curve  can  bo  analysed  into  a  principal  sine  curve  which  lags 
one-eighth  part  of  a  phase  behind  the  impressed  electromotive 
force,  and  also  into  two  smaller  components.  The  priocipol 
sine  curve  has  a  maximum  value  a  little  less  than  that  of  the 
actual  current  curve.  The  mean  power  given  to  the  tv^ns- 
former  during  one  period  is  obtained  by  taking  the  mean  of 
the  values  of  the  equally-spaced  inatantaueous  currents  and 
corresponding  electromotive  forces.  It  is  quite  evident  that 
it  is  possible  to  so  place  a  true  siue  curve  of  current  with 
reference  to  the  electromotive  force  curve  that  the  meaa 
power  represented  by  this  equivalent  sine  current  is  the  same 
as  that  due  to  the  actual  current.  It  is  also  evident  that  a 
simple  sine  curve  having  the  same  maximum  ordinate  as 
the  real  current  curve,  but  placed  one-eighth  part  of  a  coq)- 
plete  period  in  phase  behind  the  impressed  electromotive 
force  curve,  would,  if  it  represented  a  current,  be  equivalent 
in  mean  power  to  the  actual  current.  Let  £  he  the  maxi- 
mum value  of  the  electromotive  force,  and  let  it   vary    in 
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co«^  =  W. 


a  simple,  periodic  manner.      Then  — -pr  is  the  ^menu^  value 

of  this  electromotive  foroe.  It  is  the  value  which  would  be 
read  on  a  Cardew  voltmeter  or  dynamometer.  Id  the  same 
way  ii  I  is  the  maximum  value  of  the  equivalent  simple 
periodic  current  of  equal  power  value  with  the  real  current, 

— p-  ia  its  ;^mean'  value.     If  B  is  the  angle  of  phase  differ- 

ence  between  E  and  I,  and  W  is  the  true  value  of  the  power 
given  by  the  currents  I,  wo  have  seen  (Vol.  I.)  that 
K      I 

It  ia  convenient  to  call  W  the  rtal  wattSj  and  the  simple 

product  of  the  ^mean'  values  of  £  and  I,  viz. :  the  product 

E        I 
—7=  •  —7=  the  apparent  icatu.     The  cosine  of  the  angle  of  lag  in 

this  case  is  the  ratio  of  real  to  apparent  watts.*  The  apparent 
watts  are  the  simple  product  of  the  volts  as  measured  by  a  hot 
wire  or  Cardew  voltmeter,  and  the  current  as  measured  by  a 
Siemens  dynamometer.  In  nearly  all  cases  of  clased  iron  circuit 
transformers  with  fairly  well-laminated  cores  it  will  be  found 
that  the  ratio  of  the  real  watts,  or  true  mean  power  taken 
up  in  the  core  when  the  transformer  is  on  open  secondary 
circuit  to  the  apparent  watts,  or  product  of  the  primary 
working  volts  and  the  magnetising  current  as  read  on  the 
usual  instruments,  will  be  a  number  not  far  removed  from 
0*75,  or  somewhere  between   07  and  Q'S;   that   ia  to  say, 

near  to  -~j=-.    This  number  is  the  cosine  of  45',  and  the  rule 

in  effect  comes  to  this  : — The  real  power  taken  up  in  the  core 
ia  that  which  would  be  given  to  the  transformer,  if  we  suppose 
the  magnetising  current  to  be  a  simple  sine  curve  current,  and 
to  lag  about  45°  behind  the  impressed  electromotive  force.  In 
order  to  show  that  this  is  so,  we  shall  compare  the  actual  power 
taken  up  in  the  core  (which  includes,  of  course,  any  small  loss 

*  WbeD  a  current  curve  it  a  true  siuo  ourre.  it«  hg  with  respect  to 
another  true  eine  curve  reprewntiug  elect romoiivo  furce  or  current  hafl  a 
definite  me&ning.  If  it  ia  not  a  true  aine  curvu  then  the  ta^  of  ita  maximum 
value  a&d  of  ita  zero  viluo  ii  not  the  aams  thing. 
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in  tbe  primary  circuit)   of  trsnsfonnea 

circuit  with  the  product  of  the  Jmma^  ftbum  off  tbe 

electromotive  force  and  tbe  magnetising  corrent,  uxl 

that  the  ratio  ia  in  all  cases  not  far  bom  — ^ a^OTOT. 
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The  resulte  firom  many  other  cloeed  magnetic  circuit  trans- 

formers  tested  are  in  the  same  direction,  and  show  that  for 

most  ordinary  types  of  well-laminated  closed  iron  cores   the 

relation  between  primary  volta,  magnetising  current,  and  total 

loes  in  tbe  transformer  on  open  secondary  circuit  is  expresaible 

by  the  empirical  formula 

n  '  1^  .  •  •  ^      n      (  Total  lots  in  wUU 

Primary  volU  x  magnetmng  current  x  r  *■  j     .     .        , 


Tbe  yolts  and  current  values  being  the  ^mean'  values  or  the 
dynamometer  values  j  and  the  constant  P  having  a  value 
varying  from  about  0'7  to  0*8.  P  may  be  called  the  potoer 
factor  of  the  current. 

In  cases  where  the  eddy  current  loss  is  very  large,  as  in  the 
cane  of  the  castriron  ring  above  mentioned,  the  power  factor  in 
the  above  formula  is  much  more  nearly  unity  than  0*7.  Thus, 
for  the  cast-iron  ring  (Fig.  50,  ante)^  the  ^mean'*  value  of  the 
current  is  8*6  amperes,  maximum  value  being  14  amperes. 
The  ^mean'  value  of  the  primary  electromotive  force  is  18'5 
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Tolts,  and  18*5  x  8*6  =  150.  The  apparent  watts  are  therefore 
159,  whilst  the  real  watts  taken  up  were  found  to  be  160.  On 
the  other  hand,  for  open  circuit  transformers,  when  on  open 
secondary  circuit,  the  power  factor  is  found  to  be  much  less 
than  0*7,  often  as  low  as  01. 

A  series  of  very  inetruotiye  experiments  on  a  simple  form  of 
1 : 1  open  circuit  transformer  were  mode  by  Mr.  Robert  Shand 
in  1891.*  Mr.  Shand  employed  a  simple  straight  double 
helix  of  insulated  wire.  A  tube  was  wound  over  with  two 
equal  circuits  of  insulated  wire.  The  resistance  of  each  circuit 
was  approximately  0'25  ohm.  The  hollow  cylinder  on  which 
they  were  wotmd  had  a  length  of .  7  inches,  and  an  opening 
through  its  centre  2  inches  in  diameter,  into  which  iron  cores 
of  various  kinds  could  be  drawn^  Arrangements  were  made 
by  which  alternating  currents  oould  bo  sent  through  one  ooil 
under  a  constant  pressure  of  100  volts  and  a  secondary  of 
various  magnitudes  drawn  off  from  the  secondary.  By  means 
of  a  non-inductive  wattmeter  the  power  supplied  to  the 
primary  and  that  given  out  by  the  secondary  was  approxi- 
mately measured.  In  the  first  experiment  no  iron  core  was 
used  at  all.  In  the  second  an  iron  wire  core  of  the  same 
length  as  the  coils,  viz.,  7  inches,  was  put  in.  In  the  third 
an  iron  wire  core  nearly  twice  as  long  as  the  coils,  viz.,  13 
inches,  was  used,  and  in  the  fourth,  the  ends  of  the  last  long 
core  were  bent  out  like  a  thistlehead  radially,  as  in  a  Hedgehog 
Transformer. 

The  primary  current  found  flowing  when  the  secondary 
circuit  was  left  open,  under  these  various  conditions,  is  shown 
in  the  table  on  p.  526,  s/mean'  values  of  currents  and  volts 
being  understood. 

Considering  these  experiments  as  different  oases  of  straight 
or  open-circuit  choking  coils,  we  see  how  very  different  is  the 
current  flowing  through  the  primary  circuit  under  the  same, 
or  nearly  the  same,  impressed  alternating  electromotive  force. 
The  last  observation  especially  shows  how  considerably  the 
open-circuit  current  is  reduced  by  "  Hedgehogging  "  the  ends 
of  the  wires  projecting  beyond  the  ends  of  the  coil.     For  the 


•  See  n<r  EUctrician,  Vol  XXVI.,  p.  676,  April,  1891,  ftlao  OearvMl 
WoHd  of  Now  York,  1891. 
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laat  case,  which  ia  a  practical  one,  we  nee  also  that  the  power 
factor  is  only  about  013,  or  something  rather  more  than  one 
fifth  of  that  which  it  would  be  if  the  magnetic  circuit  were 
wholly  of  iron. 


l*rimary 

electro- 
motive 
force  ID 

volU. 

Primary 
current 

in 
amperes. 

Power 

abaorbod 

in  watti 

in  primary 

coil. 

Hemarte.                            h 

100 
104 

104 

100 
100 

52 

ie-5 

14 

7-:^ 
3-27 

fl57 

108 

8« 

45 
43 

No  iron  core  naert.  Primary  circuit  had 
a  reei^tance  of  about  0*25  ohm. 

Small  iron  core,  7in.  long,  inserted  in 
bobbin.  Core  eame  length  as  coiU 
Maximum  induction  in  centre  of  core= 
23.000  C.-G.-S.  per  »q.  cm- 

Tliicker  core,  7in.  long  employed.  Maxi- 
mum induction  =  14,000  C.-G.-S.  per 
aq.  cm.  in  centre  oC  core. 

Iron  wire  core,  ISin.  long.  Induction"" 
e,300  C.Q.S.  in  centre  of  oorv. 

spread    out    radially.       Induction    in 
centre  of  core  =  6,300  O.-G.-S. 

I 


The  values  of  the  primary  and  secondary  quantities  for  this 
model  Hedgehog  Transformer  for  Tarious  priiuarj  currents 
wore  found  to  be  as  follows  : — 


Efficitncy  at  VaHoiu  Load* 

of  1:1  Iltdgthog  Tran^ormer. 

Primary 
deotro- 
motive 
force  in 

TOIU. 

Primaiy 

cuirente 

in 
ampcrea. 

Power 
given  to 

primary  in 
watU. 

Secondary 
current 

in 
amperes. 

Power  given 

to  external 

secondary 

circuit  in 

watu. 

Efficient 

in 
per  oentft 

100 
100 
lOO 
100 
100 
lOO 

3-27 
3-9 
4-4 
6-7 
11-2 
16*3 

43 
142 

268 

574 

1,078 

1,550 

2-24 
5  3 
10-3 
15-3 

221 

518 

m>4 

1,419 

82-6 
91 -B^ 

The  remarkable  fact  about  these  figures,  in  so  far  as  tltis 
method  of  measuring  the  power  is  trustworthy,  is  that  they 
show  a  great  decrease  in  the  iron  losses  as  the  seoondary 
load  increases.  For  whereas  when  the  secondary  circuit  ia  open 
the  losses  in  the  primary  copper  circuit  are  (3*27)'  x  0*25  =>  2*5 


1 
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wattfi  nearly,  leaving  about  40  watts  for  the  iron;  at  full 
load  the  copper  losses  in  primary  and  secondary  together  are 
)(16-3)a  +  15-3)=^[x 0-25  =  125  watts  nearly;  and  hence  the  loss 
in  the  iron  is  only  1550  -  1419  -  125  =  6  watts. 

For  the  last  four  observations  in  the  table  corresponding  to 
steadily  increasing  secondary  currents,  we  have  the  copper  and 
iron  losses  as  follows  : — 

Iron  Cort  Losses  of  Model  Hedgehor;  1  \  1  Transformer, 


Secondary 

cum;DU  in 

amperw. 


I  Total  copper 
IcsMS  in  watu. 


2-24 
5  3 
10-3 
163 


61 
18-2 
57-9 
12-5 


Eztenial 
secondary  rar- 
cuit  losses  in 

WAtU. 


Irou  coni 

loMCB  in 

watts. 


Total  jx>wer 
given  to  prim- 
ary in  walta. 


221 
618 
fW4 

1,419 


41 

38 

26 

6 


268 

672 

1,078 

1,660 


In  the  above  table  a  decreasing  loss  in  the  iron  is  apparently 
shown. 

The  general  predetermination  of  the  primary  currents  for  a 
transformer  of  any  form,  open  or  closed  magnetic  circuit,  on 
open  secondary  circuit,  is,  however,  a  difficult  problem,  and 
can  hardly  be  said  to  be  entirely  solved. 


§  12.  Design  of  Tranflformers.— Full  Speciflcation. — We 
may  now  pass  on  to  consider  the  full  specibcution  for  a 
transformer.  Let  it  be  required  to  design  a  transformer,  say, 
for  trausforming  W  watte  of  electric  power  from  a  pressure  of 
E^  volts  to  cue  of  £,^  volts.  Required  to  find  the  sizes  of 
wires  and  numbers  of  turns  of  the  two  circuits,  and  the  size  of 
the  core  and  waste  of  energy  in  it,  under  the  conditions  that 
the  maximum  induction  density  in  the  core  shall  not  exceed 
B  C.-G.-S.  units  and  the  current  density  in  the  circuits  not 
exceed  1,000  amperes  per  square  inch.  Let  other  limitations 
imposed  be  that  the  waste  of  energy  in  the  copper  shall  not 
be  more  than  2  per  cent,  of  the  full  load. 

Since  the  transformation  ratio  and  power  are  known  we  may 

take  it  that  approximately  the  fulMoad  primary  current  wiU 

W 
be   _  amperes,  and  the  full-load  secondary  current  a  little 


w 
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less  than  p-   amporoa.     Let  I^  be  tho    ^mean*  Talae  cS  tbe 

fall  load  primary  current  and  Rj  the  resistance  of  the  primary 
circuit,  and  let  I^  and  Rj  be  the  same  quantities  for  tiM 
secondary  circuit.  Furthermorep  let  N,,  N,  be  tbe  number  of 
turns  of  wire  on  these  cirouits,  and  Lj  L^  the  lengtha,  and 
fTj,  (Tg  the  cross-sections  of  these  wires. 

At  full  load  the  total  rate  of  dissipation  of  ene3*gj  in  the 
copper  oirouits  is 

But,  R,-^         R,«^ 


1  c 
where  p»  —ohms,  or  is  the  apeoifio  reaiatanoe  per  cubic centl- 

metre  of  copper  at  ordinary  temperatures — that  is,  the  ranst- 
ance  of  one  cubic  centimetre  in  ohms  across  opposed  fftees. 
Substituting  these  values  of  R^  and  R^  we  have 


D-ilpI,/,  +  lvi,;. 


(1) 


I, 


Now  -I  and  -^are  the  current  densities  in  those  wires.     This 


current  density  ought  not  to  ezoeed  1,500  amperes  per  square 
inch,  or  240  amperes  per  square  centimetre. 


Put,  therefore, 
and  WB  hare 


D- 


240  X  16 
10^ 


=  240, 
{Ii^  +  If^} 


But  In  practice  I^  l^  will  always  be  nearly  equal  to  J^i^ 
Hence  we  arrive  at 


therefore 
also 

and 


J. 

^"240 


^16./, 
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These  last  three  equations  give  us  the  length,  section,  and 
resistance  of  the  primary  wire  when  we  know  the  full  load 
primary  current  and  the  total  power,  D,  permitted  to  be  dissi- 
pated in  the  copper  circuits  when  the  transformer  is  fully 
loaded. 

For  example,  let  us  talce  the  case  of  a  30  H.-P.  closed-circuit 
transformer  and  find  all  the  quantities. 

The  full  load  of  the  transformer  is  30  H.-P.  =  22,400  watts. 
Suppose,  as  most  likely,  that  300  watts,  or  say,  13  per  cent,  of 
the  full  load,  is  to  be  allowed  to  be  wasted  in  the  copper  circuit-s 
at  full  load,  and  that  the  transformer  is  to  be  designed  for  con- 
verting from  2,000  volts  to  100.  Then  the  full  load  primary 
current  Ij  is  12  amperes.     Therefore  we  have 


I 


h  = 


R. 


10'^  K -300 

808x12 

11 

210 

107  a- 


=  30,000  centimetres, 
a  '05  square  centimetre. 


h        ^  -96  ohm. 


This  gives  lu  the  length,  section,  and  resistance  which  the 
primary  circuit  ought  to  have.  Having  found  the  dimensions  of 
the  primary  circuit,  we  may  obtain  approximately  those  of  the 

secondary  by  the  division  of  ^1  by  the  transformation  ratio  -^  and 

multiplication  of  a-^  by  the  same  fractiou.  Thus  for  the  above 
transformer,  the  length  of  the  secondary  will  be  1,500  centi- 
metres, and  its  section  1  square  centimetre,  and  its  resistance 
•0024  ohm. 

The  next  step  is  to  find  the  dimensions  of  the  magnetic  cir- 
cuit. These  are  easily  found,  thus: — The  primary  electro- 
motive force  is  to  have  a  Jmenn*  value  in  volts  equal  to  Ej. 
Ueuce,  its  maximum  value  is  ^2  Kj.  If  the  maximum  value 
of  the  induction  density  is  B,  and  if  S  is  the  cross-seotion  of 
the  magnetic  circuit,  then  the  value  of  the  quantity  /)  B  S  N^ 
is  always  nearly  equal  numerically  to  10*  ^2  Kj,  where  p  =  2Trn 
and  N^  is  the  number  of  primary  turns,  and  B  is  measured  in 
C.-G.-S.  units.     Hence, 


SN, 


pB 


P> 


u  n 


A 
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If  we  suppose  the  oross-section  of  the  magnetic  Gircuit  to 
a  square,  whose  side  has  a  length  JH,  then,  since  l^  is  the  length 
of  the  primary  wire,  we  have,  very  nearly, 


4^8 
Therefore  from  (5)  and  (6) 


N, 


^ — JBJT ^^ 


E 


This  giyes  us  the  area  of  oross-section  of  the  magnetic  circuit 
For  instance,  for  the  transformer  referred  to  above,  we  Lave 
i-2.000»  B  =  10,000,  n  =  70,  ^  =  440.  and /j-:  30,000. 

,     ,c        6-66x2000x108       ^       ^-     *.  i 

•  JS  = —  —  9  centimetres  nearlr* 

^       440x10000x30000  ^ 


I 


Therefore,  the  magnetic  circuit  should  have  a  cross- sectional 
area  of  80  or  90  square  centimetres. 

To  find  the  mean  length  of  the  magnetic  circuit  we  most 
know  the  volume  of  the  Iron.  This  we  can  find  at  ouce  If  we 
know  what  total  loss  is  to  he  allowed  in  the  iron.  For,  sup- 
posing t  to  bo  the  mean  length  of  the  magnetic  circuit,  then 
S  Ms  very  nearly  the  volume  of  the  iron,  and  if  the  total  loss 
to  be  allowed  in  the  iron  is  given  and  the  maximum  induction 
density,  we  can  find  the  total  volume  of  the  iron  which  wOl 
permit  this  to  be  the  cose.  We  have  aeon  («««  page  493, 
equation  21)  that  wo  can  calculate  from  the  frequency,  dimen- 
sions of  iron  bauds,  and  the  maximum  induction  density,  the 
loss  in  watts  per  cubic  centimetre  in  the  core  due  to  eddy 
currents  and  hysteresis.  On  applying  this  formula  to  real 
cases  we  fiud  that  the  loss  in  laminated  irou  cores  of  the  usual 
kind,  worked  at  the  usual  induction  densities,  varies  between 
one  watt  per  20  cubic  centimetres  of  iron  to  one  watt  per 
50  cubic  ceutimetres  of  iron.  This  last  is  a  liberal  allowance. 
Hence,  if  we  know  the  total  loss  iu  watts  to  be  allowed  in  the 
transformer  core  and  multiply  this  by  40  or  50,  we  shall  have 
a  good  approximation  to  the  volume  of  the  iron  necessary. 
If  we  take  50  cubic  centimetres  per  watt  we  shall  not  be 
stinting  the  core  of  iron.  In  the  present  case,  take  30  cubic 
centimetres  per  watt.  In  the  case  of  the  transformer  con- 
sidered, viz.,  a  23*4  unit  one,   wo  allowed  300  watta  to  bo 
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wasted  in  copper  losBes.     Let  500  vatts  be  decided  upon  as 
allowable   for   tbe   iron  losses.     We  have   then  to  ask,   what 
volume  of  iron  will  allow  0  033  watt  to  be  wasted  per  cubic 
centimetre.     Obviously, 
600 


•033 


15,000  cubic  centimetres. 


Therefore,  since  the  volume  of  the  iron  is  S  /, 

S/- 15.000 
and  if  S  is  taken  as  e^iual  to  about  00  square  ceutimetros,  we 
have 

/=  166  centimetres  nearly. 

Hence  the  mean  length  of  the  magnetic  circuit  must  be   166 
centimetres. 


Fia.  52.— Dingrwn  of  Core  PUte. 


We  can,  therefore,  draw  the  section  of  tbe  iron  core,  or 
outline  of  the  core  plates.  It  will  be  as  in  Fig.  52.  The 
central  web  must  have  a  width  of  10  centimetres,  uud  the  other 
dimensions  must  bo  so  arranged  that,  whilst  the  aportureu  in 
the  plate  (shaded  portions)  have  a  maximum  area,  the  length 
round  the  dotted  line  is  not  more  than  &dy  150  centimotros. 
It  is  obvious  that,  whilst  still  maintaining  the  necessary  length 
of  magnetic  crcuit,  it  is  possible  to  vary  the  relative  magnitudes 
of  the  sides  a  and  b  of  the  rectangular  holes.  But  since  all 
the  wire  to  be  wound  on  the  transformer  has  got  to  be  wound 
through   these  holes,  it  will  be  often  necessary  to  so  chonse  a 

uu  2 
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and  h  that  we  get  the  maximum  size  of  aperture  in  area  con- 
sistent with  maintaining  the  magnetic  circuit  length  oonstaot^ 
and  to  do  this  by  making  a  equal  to  6.  We  have  then  6nallj 
to  know  the  number  of  turns  of  wire  in  each  circuit. 

Roughly  speaking,  this  will  be  equal  to  — -^,  where  /  ia  the 
_  ^  J^ 

length  of  the  wire  and  ^S  is  the  length  of   the  side  of  the 

seotioQ  of  the  magnetic  circuit.  If  /  is  equal  to  30,000  centi- 
metres, a8  above  found  for  the  transformer  in  question,  this 
rule  gives  us  N^^T^O  as  the  approximate  number  of  primary 
turns,  and  hence  Ng^ST  as  the  approumate  number  of  Beoon- 
dary  turns. 

We  have  found,  then,  the  length,  size,  resistance,  and  number 
of  turns  of  each  circuit,  and  the  dimensions  of  the  mAgnetio 
circuit. 

We  can  then  calculate  the  relative  volumes  of  iron  and 
copper.  Taking  the  case  in  consideration,  we  find  the  total 
volume  of  copper  to  be  3,000  cubic  centimetres,  and  that  of 
the  iron  14,300  cubic  centimetres.  A  little  consideration  will 
show  that,  since  the  wire  on  the  coils  has  all  to  be  wound 
through  the  aperture  in  the  core,  the  limitation  to  the  dimi- 
nution of  the  core,  and  therefore  to  the  loss  in  the  iron,  is  to 
be  found  in  the  necessity  for  having  a  certain  sized  hole  to  get 
the  wire  wound  through.  If  we  calculate  the  area  of  copper 
ezpoued  on  cutting  through  the  whole  of  the  coila  by  a  diametral 
out  in  the  case  of  the  transfonner  considered,  we  shall  tind  that 
it  amounts  to  about  74  square  centimetres,  and  even  if  we 
allow  three  times  this  area  for  insulation,  there  will  still  be 
abundance  of  room  left  in  the  aperture  of  33  x  32  centimetres 
to  get  all  the  wire  laid  in.  Hence  in  this  case  we  could  with 
advantage  reduce  the  iron  volume  and  waste  less  in  the  core. 
It  would  require  further  considerable  discussion  to  show  how 
the  best  dimensions  of  the  core  can  be  obtained.  It  may  be 
pointed  out,  however,  that  the  above  rough  sketch  of  a  prede- 
termination of  the  constants  of  a  transformer  shows  that  if  we 
are  given — 

(1)  The  primary  aud  secondary  electromotive  forces; 

(2)  Tlie  required  output  of  the  transformer; 

(3)  The  amount  or  fraction  of  the  energy  ao  transformed  to 
be  wasted  in  the  copper  circuits ; 
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(4)  The  amount  of  energy  to  be  wasted  in  the  irou  circuit ; 

(5)  The  maximum  iuductiou  density  to  be  allowed  ; 

(6)  The  frequeuoy  of  the  alternations ;  and  thickness  of  core 
plates. 

We  can  then  calculate — 

(1)  The  lengthS]  croaa-ficcttons,  resistaDoes,  and  number  of 
turns  of  the  primary  and  secondary  circuits  ; 

(2)  The  length  and  cross-soctiou  of  the  magnetic  circuit ; 

(3)  The  waste  in  the  transformer  on  open  circuits  ; 

(4)  The  approximate  primary  current  on  open  secondary 
circuit 

(5)  The  "drop"  in  the  secondary  eleotromotive  force  as  far 
as  regards  the  \o^  in  the  copper  of  the  secondary  circuit. 

The  designer  of  a  transformer  has  geueralty  to  steer  a  course 
between  conflicting  or  opposing  conditions  of  design.  He  may 
aim  at  obtaining  some  one  definite  result,  or  he  may  try  to 
combine  these  different  conditions  so  as  to  obtain  the  best  all- 
round  combination.  Ho  may  design^  for  instance,  for  high 
efficiency  at  light  loads,  rcgurdlesB  of  magnitude  of  magnetising 
current  or  of  "drop;"  or  he  may  aim  at  a  high  maiimiun 
efficiency  and  small  "  secondary  drop,"  and  leave  the  all-day 
efficiency  to  take  care  of  itself.  Again,  it  is  a  distinct  advan- 
tage iu  one  way  for  the  iron  core  of  a  transformer  to  get  hot 
in  working,  because  it  blocks  out  eddy  current  loss  by  lowering 
the  conductivity  of  the  iron,  but  iu  another  respect  it  may  be 
very  disastrous  to  the  iusulatiou  for  it  so  to  do. 

As  far  as  regards  minimising  energy  losses,  the  iron  core 
should  be  run  as  hot  and  the  copper  as  cool  as  possible,  and 
an  ideal  transformer  should  therefore  have  the  iron  enclosed 
and  the  copper  ventilated.  In  the  smaller  sizes  of  transformers 
the  iron  core  tosses  will  always  bo  relatively  greater  than  in 
larger  ones.  A  transformer  for  250  watts  (5-ligbt)  can  hardly 
be  made  to  lose  less  than  20  watts  in  the  core,  but  a  500-watt 
transformer  can  be  made  to  lose  not  more  than  25  watts,  and 
a  2,000  watt  not  more  thau  45  watts.  Ueace,  supposing  that 
iu  each  case  the  loss  in  the  copper  is  2  per  cent.,  we  shall  find 
the  full  load  efficiencies  come  out  respectively  90,  95^  and  95  7 
per  cent.,  larger  sizes  being  similarly  still  more  efficient. 

With  respect  to  magnetising  current  we  have  seen  that  for 
closed  circuit  transformora  a  large  magnetising  current  means 
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proportionate  loss  in  the  core.  The  magnetising  current  can 
be  reduced  by  increasing  the  number  of  primaiy  turns ;  bat 
then  the  secondary  turns,  and  hence  the  secondary  ohmio  drop, 
is  likewise  increased.  The  only  way  in  which  this  last  can  be 
then  also  diminished  is  by  increasing  the  section  of  the  copper 
in  the  secondary  cirouit>  and  so  again  reducing  the  second&ij 
resistance.  This  would  involve,  of  course,  an  increase  of  cost. 
In  the  case  of  large  sub-station  transformers  it  may  be  worth 
while  to  incur  this  outlay  to  reduce  the  copper  aad  iroa 
losses  to  the  lowest  possible  amount.  These  may  be  roughly 
taken  at  one  watt  per  pound  weight  for  the  iron  core,  and 
between  four  and  five  watts  per  pound  weight  for  the  copper 
when  the  ourront  density  is  taken  at  1,S00  amperes  per  squarB 
inch. 

The  best  ratio  of  iron  to  copper  loss  can  only  be  found  by 
trial.  Generally  speaking,  we  may  say  that  a  high  "all-day* 
efficiency  cannot  be  obtained  unless  the  iron  losses  are  kept 
small.  Hence  some  designers  have  sought  for  the  solution  of 
a  high  "  all-day "  efficiency  by  employing  open  iron  circuit 
transformers.  In  so  doing,  however,  they  meet  with  another 
difhculty,  viz.,  that  they  then  encounter  a  largo  magnetising 
current.  It  is  tnie  that  this  current  is  a  current  having  a 
small  power  factor,  or  is  a  "wattless"  current  when  in  the 
transformer  ;  but  it  is  not  **  wattless  "  in  the  mains  and  arma- 
ture circuits,  and  a  largo  "magnetising  current"  means,  there- 
fore, an  increased  loss  in  transmission,  and  a  lowered  plant 
effiuiency.  Condensers  in  parallel  with  the  traasformer  have 
then  been  proposed  as  a  means  of  extricating  the  open-circuit 
transformer  from  this  difficulty.  It  is  pretty  clear,  however, 
that  all  dielectrics  possess  some  hysteresis,  and  Mr.  Steinraet^ 
has  shown  that  this  dielectric  hysteresis  increases  as  the  square 
of  the  electromotive  force.  Henoe,  if  this  is  the  case,  unless 
we  can  find  a  dielectric  which  will  bear  working  at  1,000  or 
2,000  volts  with  negligible  hysteresis,  it  may  happen  that 
the  energy  loss  is  merely  shifted  from  one  place  to  the  other, 
and  that  a  closed  iron  circuit  transformer  with  magnetic 
hysteresis  and  small  magnetising  current  is  as  good  or  better 
than  an  open  iron  cii'cuit  tranformer  with  large  "  wattless  ** 
magnetising  current,  piux  a  condenser  having  some  dielectric 
hysteresis  working  with  it  We  may  avoid  Scylla  but  fall  upon 
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Charjbdis.     There  is  room  for  more  investigation  before  these 
points  are  settled. 

One  of  the  moefc  important  matters  to  vhich  the  designer 
of  transformers  has  to  direct  his  attention  is  the  proper  and 
efficient  lamination  of  the  iron  core  of  the  transformer.  In 
many  existing  types  of  commercial  transformer  the  neglect  of 
attention  to  this  point  greatly  reduces  the  efficiency  of  the 
apparatus  by  permitting  iron  core  lo&ses  of  unnecessary  magni- 
tude to  exist.  Some  approximate  working  formulro  have  been 
given  in  Section  7  of  this  chapter,  which  enable  the  eddy 
current  and  hysteresis  losses  to  be  roughly  determined  for 
thin  iron  plates  and  wires. 

A  full  and  general  investigation  of  the  behaviour  of  iron 
to  magnetising  forc«  has  been  made  by  Prof.  J.  J.  Thom- 
son,**^ which  demonstrates  in  the  most  complete  manner  the 
necessity  for  very  fine  lamination  in  the  iron  plates  or 
wire  employed  for  transformer  cores.  Reference  has  already 
been  made  to  the  fact  that  when  an  alternating  magnetis- 
ing force  is  applied  to  an  iron  rod  or  plate  the  eddy 
currents  set  up  in  the  superficial  portions  of  the  iron 
more  or  less  screen  the  interior  parts,  and  the  induction 
in  the  iron  is  consequently  unequally  distributed.  In 
fact>  there  is  a  complete  analogy  between  the  manner 
in  which  an  alternating  electromotive  force  applied  to  a 
conducting  circuit  creates  a  periodic  current  in  a  conductor 
and  the  manner  in  which  an  alternating  magnetising  force 
applied  to  a  magnetic  circuit  creates  magnetic  induction  in 
magnetisable  material.  For  the  electromotive  force  establishes 
a  current  of  such  kind  that  the  amplitude  of  the  wave,  or 
maximum  value  of  the  current  strength  during  the  period, 
diminishes  aa  we  pass  from  the  surface  to  the  centre  of  the 
conductor,  and  moreover  the  phase  of  the  current  undergoes  a 
retardation.  At  the  surface  the  current  strength  is  greatest, 
and  at  the  centre  of  the  conductor,  if  of  sufficiently  great 
diameter,  and  the  frequency  be  great  enough,  the  current 
strength  may  be  practically  Kero.  Qtiite  similar  is  the  distri- 
bution of  magnetic  induction  under  the  influence  of  periodic 
magnetising  force,  and  Prof.  Thomson's  equations  permit  us  tc 
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calculatu  the  gradually  decreaBing  maximum  induotion  densitj 
ae  we  prooood  from  surface  to  centre  of  the  iron.  Heooe,  if 
the  iron  plate  or  wire  is  thick  enough  the  centr&l  portiona 
practically  may  not  be  magnetised  at  all  under  a  periodic 
magnetising  force,  and,  as  Prof.  Ewing  baa  pointed  out,'*  tke 
result  is  that  to  obtain  a  given  mean  magnetic  iaductioD 
we  have  to  increase  the  superficial  magnetising  force  to  r 
value  greater  than  would  be  necessary  if  this  screeaiag  did 
not  occur. 

This  crowding  of  the  induction  to  the  superficial  portioni 
of  the  iron  has  the  efToct  also  of  increasing  the  energy 
waste  duo  to  hysteresis  proper,  just  as  in  the  analogous  caie 
of  the  current  distribution,  the  energy  waste  due  to  ohmie 
resistance  is  increased  by  the  increase  of  real  resistance  of  the 
conductor  for  a  given  total  current  strength  when  the  frequency 
is  fto  augmented  as  to  create  unequal  distribution  of  the  current 
over  the  cross-section  of  the  conductor.  When  dealing  with  the 
case  of  alternate-current  flow  in  conductors  we  have  mentioned 
that  this  iuequalicy  in  current  density  does  not  come  into 
play  practically  for  such  a  frequency  as  100  ^  unless  the 
conductor  has  a  diameter  of  at  least  1  centimetre.  Frof. 
Ewing  has,  however,  shown  that  in  the  magnetic  case  a  thick- 
ness of  the  iron  plate  or  wire  of  even  2mDL  is  sufficient  to 
cause  the  magnetic  force  at  the  central  portions  to  be  only 
one-eighth  part  of  that  which  it  is  at  the  surface  for  the  same 
frequency  of  100  ^  .  Hence  for  any  thickness  of  wrought 
iron  plate  or  wire  of  anything  of  this  order  there  is  a  marked 
tiiftict  of  magnetic  screening.  The  magnetic  force  at  the  centre 
of  a  plate  of  wrought  iron  1mm.  thick  is  only  52  per  ocnt 
of  that  at  the  surface,  maximum  values  being  understood.  In 
the  case  of  a  plate  half  a  miilimctro  thick,  the  central  force 
would  be,  however,  02  per  cent,  of  the  surface  force.  In 
a  transformer  core,  what  we  require  is  a  constant  mean 
value  of  the  induction,  since  it  is  upon  this  that  the  constant 
secondary  electromotive  force  required  depends.  Moreover, 
the  screening  action  operates  to  create  a  conoentratiou  of  the 
induction  at  the  surface  of  the  iron,  and  this  disposition  of 
it   aggravates  the  total   hysteresis  loss,  which,  as   we   have 

*  See  r^e  I'Ueirioiaft,  VuL  XXVilL,  p.  691. 
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should  not  be  more  than  10  or  12  mils,  or  0*01  of  an  inch,  m 
tbickne&Si  and  bo  lightly  painted  over  with  oxide  paint  on  one 
side.  By  so  doing  the  deleterious  results  of  eddy  ourreat  ]asB 
and  augmented  hysteresis  loss  can  be  avoided,  the  total  Iom 
in  the  iron  being  reduced  to  about  oue  watt  per  80  cubic 
centimetres  of  core  when  a  frequency  of  100  is  used,  and 
a  maximum  mean  induction  density  of  4,000  employed. 
In  this  case,  with  plates  of  0*2omm.,  or  10  mils,  in  thick- 
ness, the  eddy  current  loss  would  be  about  one-seventh  part 
of  the  hysteresis  loss,  and  one-eighth  part  of  the  whole  core 
loss. 

It  is  shown  in  Prof.  J.  J.  Thomson's  Paper,  to  which  we 
refer  the  reader,  that  if  a  slab  of  iron  of  gireu  thickness  is 
divided  up  into  lamiufe,  and  then  subjected  to  alternating  mag- 
netising force,  that  the  loss  of  energy  in  the  whole  slab  by 
eddy  currents  is  inversely  proportional  to  the  square  of  the 
number  of  laminro.  Thus,  in  building  up  a  transformer  core, 
if  the  iron  plates  or  bands  are  made  of  iron  ono-half  millimetre 
thick  ( »*0'02in.),  the  eddy-current  loss  will  only  be  one 
quarter  of  that  which  it  would  be  if  the  bands  or  plates  are 
made  one  millimetre  thick.  The  mathematical  investigation 
shows  that  lamination  is  very  little  use  if  the  plates  or  bands 
are  more  than  one  millimetre  thick. 

The  purer  the  iron,  that  is,  the  greater  the  conductivity  and 
hence  also  the  greater  the  permeability,  the  greater  must  be  the 
lamination.  Increased  frequency  demands  also  a  greater  propor- 
tional degree  of  lamination.  Conversely  it  follows  that  when 
we  are  dealing  with  cast-iron,  of  which  the  conductivity  is  only 
about  one-tenth  that  of  the  purest  wrought  iron,  and  in  which 
the  permeability  at  a  given  induction  ts  also  only  one-tenth^  the 
shielding  effect  is  not  nearly  so  pronounced.  In  the  case  of 
cost  iron  a  rod  one  centimetre  in  diameter  exposed  to  an  alter- 
nating magnetising  force  would  not  experience  anything  like 
the  inequality  of  distribution  of  induction  over  its  cross- 
section  which  would  be  manifested  by  a  rod  of  wrought  iron 
of  equal  cross-section  exposed  to  the  same  magnetising  force. 
The  worse  specific  conductivity  of  the  oast  iron  causes  it  to 
exercise  a  loss  degrading  effect  npon  the  wave  of  magnetising 
force,  which  therefore  penetrates  further  into  the  metal  without 
being  reduced  in  amplitude  and  delayed  in  phase,  as  it  is  when 
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ftHrftnctng    into  the  better  conducting  and   more   permeable 
wruught  iron. 

§  13.  Determination  of  Magnetic  Leakage. — One  quantity 
we  have  not  yet  determined  by  our  calcuIationB,  and  that  is 
the  "drop"  in  the  volta  on  the  secondary  terminals  of  the 
transformer  due  to  magnetic  leakage.  The  total  "  drop  "  or 
fall  of  electromotive  force  between  no  load  and  full  load  on  the 
secondary  circuit  is  of  course  made  up  of  "drop"  due  to 
copper  loss,  or  C^  R  loss  in  the  secondary  circuit,  and  drop 
due  to  leakage  of  induction.  The  total  "drop"  should  not 
exceed  four  or  five  per  cent,  in  small  transformers  and  two  per 
cent,  in  large  transformers.  It  is  a  difficult  matter  to  pre- 
determine the  value  of  that  part  of  the  secondary  "drop'' 
due  to  magnetic  leakage.  Most  makers  have  arrived  at  a 
minimum  leakage  drop  for  their  own  particular  form  of  trans- 
former by  processes  of  trial  and  failure.  Magnetic  leakage  is 
not  nullified  even  when  a  primary  coil  is  overlaid  by  and  sand- 
wiched in  between  two  secondary  coils ;  if  there  is  a  space 
between  the  coils,  for  in  this  case  the  reverse  magnetising 
effect  of  the  secondary  currents  partly  drives  the  induction, 
due  to  the  primary  circuit,  out  of  the  iron  into  the  apace 
between  the  primary  and  secondary  coils. 

The  efTecc  of  an  assumed  percentage  of  magnetic  leakage 
may,  however,  bo  calculated.  If  N^  and  N2  are  the  numbers 
of  turns  of  wire  in  the  primary  and  secondary  circuit  of  the 
transformer,  and  if  /x  is  the  mean  value  of  the  permeability 
corresponding  to  the  maximum  induction  employed,  and  if  S  is 
the  aeotion  of  the  magnetic  circuit  and  /  it3  length,  then  we 
can  easily  see  that  the  mean  value  of  the  self-induotton  L  of 
the  primary  circuit  is  given  by  the  equation, 

10  108  ^         1' 

and  accordingly  the  mean  value  of  the  self-induction  N  of  the 
secondary  circuit  is  given  by 

10    108/  ' 

The  mutual  induction  M  of  the  two  circuits,  on  the  asaump. 
fcion  that  there  is  no  magnetic  leakage,  or  that  every  line  of 
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force  linked  with  the  primary  is  also  liaked  with  the  secondary, 
18  therefore         M  =  ^LN  =  J^  fo^  ^  ^  N,  Nj. 

Suppose,   however,   that  M   is   not   equal  to    ^LN,    but   is 
expressed  by  N  =  ^L  N  (I  -  x), 

where  x  la  a  friiction  less  than  unity  expressed  aa  a  percentage. 

Then  X  is  the  magnetic  leakage  expressed  aa  a  percentage. 
.This  definition  of  magnetio  leakage  aa  a  measurable  quantity 
has  been  given  by  Prof.  J.  Perry.*  This  definition  of  the 
magnetic  leakage  makes  it  dependent  on  the  ratio  of  the  mean 
•value  of  M  to  ^LN.  It  is,  of  course,  easy  to  object  that  the 
coefficient  of  self  and  neutral  induction  in  a  transformer  must 
be  variable  quantities ;  but  we  have  shown  above  that  the  iron 
bohuveti  throughout  the  magnetio  cycle  aa  if  it  had  a  constant 
average  magnetic  permeability,  which  is  a  simple  function  of 
the  maximum  induction  density  during  the  period ;  and  accord- 
ingly the  L,  M,  and  N  in  the  above  formula  have  perfectly 
definite  values,  and  may  be  called  the  mean  coefficients  of  self 
and  mutual  induction.! 

Starting  with  this  assumption  of  a  meau  constant  permea- 
bility in  the  transformer  core,  Prof.  Perry  {toe  clt.)  has  calcu- 
lated many  interesting  tables  for  transformerii  of  certain  data, 
giving  the  currents,  lags,  electromotive  forces,  efficiencies,  Ac, 
for  various  secondary  currents,  for  details  of  which  we  must 
refer  the  reader  to  the  original  Paper.  In  particular  he  has 
calculated  the  effect  of  certain  assumed  magnetic  leakages  of 
1,  5,  10  per  cent,  ifcc,  aud  shown  that  the  effect  of  magnetio 
leakage,  which  is,  of  course,  most  apparent  when  the  external 

•  Sec  "A  Study  of  TrauBformers,"  PhU.  Mwj.,  Augiut>  1891,  p.  168  ; 
ftlso,  "A  Method  of  Measuring  Power  in  Traaaformere,"  PhiL  Mag.  Angiut, 
1891,  p.  191. 

t  We  have  soeu  that  in  the  case  of  clottii  iron  drouits  well  lamlnAbed, 
the  value  o{  y^va  the  equatioa  above  may  be  approiiinatelj-  taken  bj  that 
oorresponding  to  the  maximum  value  of  the  induction  in  the  cure,  la  the 
OMe  of  open  iron  circuits  or  straight  corea,  when  the  magnetio  circuit  ia 
partly  iron  and  partly  air,  the  value  of  >i  ia  very  much  lesa.  For  a 
straight  iron  core  of  a  bundle  of  iron  wire,  a»y  eight  or  ten  times  aa  long 
aa  it.  ifl  wide,  the  mean  (air-iron)  value  of  >i  may  be  as  low  aa  60.  A 
■traight  iron  core  is  in  this  re3j)cct  Like  a  dyo&mo  field  magnet  with  an 
•uormous  air  K^p. 
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renistance  of  the  secondary  circuit  is  as  much  reduced  as 
possible,  is 

(i.)  To  cause  the  primary  current  at  full  secondary  load  to 
lag  behind  the  primary  impressed  electromotive  force  curre,  in 
extreme  cases  by  nearly  90deg. 

(ii.)  To  cause  the  primary  and  secondary  currents  at  full 
load  to  have  much  less  mean  values  than  they  would  have  if 
leakage  were  absent. 

(iii.)  To  create  a  much  greater  "  drop  "  in  the  secondary  ter- 
minal volts  between  full  load  and  no  load  than  would  exist  if 
magnetic  leakage  was  absent. 

Magnetic  leakage  apparently  does  not  affect  the  difTerenca 
of  phase  of  the  primftry  and  secondary  currents,  which  always 
tends  to  become  180'  or  tl^ereabouts  as  the  transformer  ia 
loaded  up  by  reducing  the  resistance  of  the  secondary  external 
circuits 
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§  14.  The  Meaanrement  of  the  Bfficiency  of  TransformerB. 
— Tbe  practiuil  determination  uf  the  various  energy  losses  in 
a  transformer  and  of  ita  eflicienoy  of  transformation  is  a 
matter  of  considerable  importance.  It  is  not  by  any  means, 
unfortunately,  an  easy  thing;  and  those  who  have  paid 
attention  to  it  are  not  entirely  in  accord  as  to  the  best  means 
by  which  it  can  be  effected.  Broadly  speaking,  there  may  be 
s&id  to  be  six  different  electrical  methods  by  which  we  may 
determine  the  power  given  to  a  transformer  or  the  rate  at 
which  energy  is  delivered  to  it,  and  by  which,  therefore,  its 
efficiency  as  an  energy -transforming  device  maybe  determined. 
These  are  as  follows : — (i.)  calorimetrio  methods,  (ii.)  dynamo- 
metrio  methods,  (iii.)  voltmeter  and  electrometer  methods, 
(iv.)  ammeter  methods,  (v.)  wattmeter  methods,  and  (vi.) 
geometrical  methods  depending  upon  a  knowledge  of  the  form 
of  the  ourrent  and  electromotive  force  curves  of  the  trans- 
former. 

The  need  for  special  methods  of  measuring  power  given 
to  an  inductive  circuit  such  as  the  primary  circuit  of  a  trans- 
former, arises  from  the  fact  that  when  electrical  power  is 
being  expended  on  an  inductive  circuit,  the  product  of  the 
Vmean*  value  of  the  current  flowing  through  that  circuit  and 
the   'Jmoaai^  value  of  the  difference  of  potential  between  its 
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enda  does  not  give  ua  any  measure  of  the  true  power  being 
expended  on  that  circuit. 

Calorimetric    Mtthods. — In    the    calorimetric   methods   no 
attempt  is  made  to  measure  the  power  actually  given  to  the 
transformer,  but  a  sum  total  is  obtained  representing  all  the 
varioua  withdrawals  of  energy  from  the  transformer  when  a 
stationary  temperature  has  been  reached.     In  carrying  out  a 
calorimetric  investigation  the  transformer   to  be  examined  is 
enclosed  in  a  light  watertight  metal  box.     The  primary  and 
secondary  leads  are  brought  through  stuffing  boxes  or  gltmiis. 
or  simply  through  india-rubber  corks,  in  such  way  that  whilst 
eoabling  the  primary  and  secondary  circuits  to  be  electrically 
accessible  the  whole  transformer  is  shut  up  in  this  watertight 
box.     This  box  is  then  placed  concentrically  in  aoother  metal 
box  of  somewhat  larger  size,  also  closed  watertight,  and  having 
two  openings  at  opposite  aides,  one  by  which  water  can  flow 
in  and  the  other  by  which  it  can  flow  out.     Arrangements 
are    made    by    which    a    steady    stream    of    water    can    be 
caused  to  flow  through  the  space  between  the  boxes  and  the 
temperature   of   the   incoming  and  outgoing  streams  exactly 
measured  by  means  of  accurate  and  sensitive  thermometers. 
The  outer  box  or  calorimeter  should  be  supported  by  stri 
so  as  not  to  touch  any  other  object.     The  so  enclosed 
former  must  then  have   ita  secondary  circuit  oonneot«d  to 
incandescent  lamps  or  other  practically  non-inductive  energy 
wasters,  and  the  secondary  current  and  potential  diflerenoe  at 
the  secondary  terminals  of  the  transformer  measured  by  meana 
of  a  standardised  ammeter  and   voltmeter.     Such  being  the 
arrangements,  a  primary  current  is  supplied  to  the  transformer  at 
the  proper  volts,  and  the  water  allowed  to  flow  regularly  through 
the  calorimeter.     At  the  end  of  a  certain  time  the  temperature 
of  the   whole   apparatus  will   have  become  stationary.     The 
water  will  enter  at  one  side  at  a  temperature,  i"^  and  leave 
it  on  the  other  side  at  a  higher  temperature,  i'^,  and  energy 
will  be  given  up  to  the  external  secondary  circuit  at  a  certain 
rate.     The  whole  of   the  power  which  is  being  dissipated  in 
the  iron  core  of  the  transformer  and  that  dissipated  in  the 
copper  circuits  is  converted  into  heat  and  carried  away  by  tbo 
water.      Honce^  if  we  measure   the  rate  at  which  the  water 
flows  through  the  calorimeter  when  the  stationary  temperature 
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is  Attained,  and  know  the  temperature  at  entrance  and  exit,  we 
know  what  amount  of  energy  is  being  carried  off  by  the  water. 
If  G  grammes  of  water  llow  through  the  calorimeter  every  second 
and  if  this  water  is  raised  from  t"  to  ('"  then  G  {t'  - 1)  units  of 
heat  are  carried  ofl  every  seoond  ;  since  one  gramme  centigrade 
unit  of  heat  is  very  nearly  equal  to  4*2  joules.  Hence  the 
rate  of  removal  of  energy  by  the  water  is  equal  to  42  G  (^  -  /) 

■  watts.  If  A  is  the  amperes  in  the  secondary  circuit  and  V  the 
secondary  terminal  volts,  the  rate  of  removal  of  energy  by  the 
secondary  circuit  is  AV  watts.     Hence,  since  the  temperatures 

I  are  stationary  the  rate  of  supply  of  energy  to  the  transformer 
must  be  equal  to  the  total  rate  of  loss  ;  or  the  power,  W,  in 
watts  given  to  the  transformer  must  be  such  that 


W  =  4-2G(/'-e)+AV. 
Hence  the  efficiency  of  transformation  c  is 

AV 

4-2O(('-0  +  Ar 


<  = 


In  accnrate  experiments  a  small  correction  would  have  to  be 
applied  for  the  energy  lost  by  radiation  from  the  calorimeter ; 
but  this  would  not  usually  be  large.  The  special  difficulties 
attending  the  experiment  are  the  measurement  with  sufficient 
accuracy  of  the  temperatures  of  the  incoming  and  outgoing 
water.  It  is  probable  that  the  best  way  of  doing  this  would 
be  by  a  pair  of  thermo-electric  junctions,  placed  in  the  incoming 
and  outgoing  currents. 

Experiments  of  this  kind  have  been  made  by  Prof.  Itoiti  in 
Florence  and  by  Prof.  Ayrtou.  The  method  itself  was  originally 
suggested  by  Dr.  Louis  Duncan.*  There  are  many  difficulties 
oonneoted  with  the  employment  of  this  calorimetrio  method, 
and  observers  were  led  to  employ  it  chiefly  at  a  time  when  no 
bettor  method  was  known. 

Mr.  Mordey  has  a  practical  workshop  modification  of  this 
method,  which  deserves  mention.  He  passes  a  primary  current 
into  a  transformer,  and  allows  it  to  come  to  its  steady  tempera- 
ture.    When  this  is  known  to  be  the  case  by  a  thermometer 

•  EUeirieal  Review,  London,  July  29,  1887,  Vol.  XXi.,  p.  116 ;  see  also 
Journal  of  the  Society  of  Telegraph  Krujineera  qf  London,  Vol.  XVII.,  1688, 
p.  16a 
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placed  in  the  interior  or  on  the  core,  the  alternating  current  ta 
switched  oft'  and  a  continuous  current  is  supplied  to  the  primary 
coil,  which  has  its  strength  so  adjusted  that  the  temperature  of 
the  transformer  is  kept  up  to  the  before- attained  constaut 
temperature.  The  power  supplied  by  this  constant  oinrent 
(which  ifl  easily  measured)  is  assumed  to  be  the  same  aa  that 
given  to  the  transformer  by  the  alternating  current  after 
deducting  the  amounts  given  off  by  the  Becondary  circuit, 
if  any. 

The  assumption  made  is  that,  since  the  transformer  h&s 
attained  a  constant  temperature,  the  losB  of  energy  by  radiation 
must  balauce  the  gain  of  energy  from  the  primary  circuit  after 
deducting  the  amount  given  oQ'  by  the  secondary  circuit;  and 
that,  therefore,  if  we  keep  up  the  equilibrium  by  aubatitutiDg 
a  continuous  for  an  alternating  current,  tbo  energy  loss,  and 
therefore  the  energy  supply,  must  be  the  same.  One  objec- 
tion that  has  been  urged  against  this  process  is  that  In  tbo  case 
of  the  alternating  current  the  seat  of  the  chief  generation  of 
heat  is  in  the  iron  core ;  whilst  in  the  case  of  the  continuous 
current  it  is  wholly  in  the  copper  circuit,  and  therefore  that 
ii  does  not  follow  that  the  same  rate  of  absorption  of  energy 
will  in  both  cases  be  required  to  keep  up  the  same  surfaoe 
temperature  of  the  transformer.  The  objection  may  not  be  a 
valid  one,  but  it  has  been  presented. 

Di/namometric  Methods. — In  these  methods  the  electro-dyn*- 
mometer  is  employed  as  an  electrical  power  meter.  ThesA 
methods  were  first  introduced  by  A£r.  Blakesley,  and  have  be«n 
chiefly  developed  by  him.  In  an  electro-dynamometer  such  ai 
that  of  Siemens  there  are  two  electric  circuits,  one  fixed  andth« 
other  movable.  If  two  alternating  electric  currents  of  equal 
period,  from  differeut,  or  the  same,  sources  are  passed  through 
these  circuits,  and  if  t/te  ti7ne  of  free  oscillation  of  the  movable 
circuit  M  very  hiryt  compared  with  the  time  of  a  complete  period 
of  the  alteruatiug  vurreuts,  then  the  force  required  to  hold  the 
movable  circulb  in  a  fixed  position  with  reference  to  the  other 
circuit  is  proportional  to  the  average  or  mean  of  the  values  of 
the  products  of  the  fluctuating  current  strengths  in  each  cir- 
cuit; such  values  being  taken  at  equidistant  and  numeroui 
instants  during  the  complete  period.  If  one  and  the  same 
periodic  current  is  passed  through  both  circuits,  then  the  force 
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is  proportiocal  to  the  mean  of  the  squares  of  the  e(}uidi8tant 
instantaneous  current  values.  In  most  cases  the  force  em- 
ployed to  balance  the  eleotro-dynamio  force  between  the 
circuits  is  that  produced  by  the  torsion  of  a  spring.  Supposing 
that  the  free  and  unconstrained  position  of  the  movable 
circuit  is  such  that  its  phine  is  perpendicular  to  that  of  the 
fixed  circuit.,  we  shall  call  this  position  the  zero  position  of 
the  movable  circuit.  If  the  action  of  the  electrical  forces  is 
to  produce  a  twist  or  torque  on  the  movable  circuit,  and  we 
apply  an  equal  and  opposite  torque  to  restore  it  to  its  zero 
position,  we  shall  call  this  the  restoring  couple.  If  the  same 
current  flows  through  both  circuits,  the  restoring  couple  is 
proportional  to  the  mean  of  the  squares  of  the  values  of  the 
equidistant  instantaneous  current  strengths  during  the  com- 
plete period.  If  difforent  currents  of  the  same  frequency  flow 
in  the  two  circuits,  the  restoring  couple  is  proportional  to  the 
mean  of  the  product  of  the  simultaneous  instantaneous  equi- 
distant current  values  taken  throughout  the  period.  The  first 
case  is  called  the  flynamomder  reading.  The  second  case  is 
called  the  tplit  dynomomeUr  reading.  We  shall  suppose  that 
in  all  oases  the  dynamometer  has  been  calibrated  by  means  of  a 
continuous  current,  so  that  if  we  have  a  dyuamometer  reading 
a  corresponding  to  a  steady  or  continuous  current  I  passed 
through  the  instrument,  then  when  an  alternating  current  is 
passed  through  it  the  dynamometer  rending  a  indieat«fi  a 
current  of  which  the  vmean-  value  is  I.  More  precisely,  if 
i  is  the  instiintaneous  value  of  a  periodic  current  of  which  T  is 
the  periodic  time,  then  the  dynamometer  reading  gives  us  the 
value  of  the  integral 

tJo 

or  the  mean  of  the  squares  of  the  instantaneous  values  of  the 
current  during  the  complete  period.  If  ij  and  t,  are  the  instan- 
taneous vnhies  of  the  equiperiodic  currents  sent  through  a  s,pUt 
dynamometer,  then  the  reading  of  the  dynamometer  gives  us 
the  value  of  the  integral 

or  the  mean  of  the  product  of  the  instantaneous  values  of  the 
two  currents  during  the  period. 

13N 
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liGt  na  aee  wtiftt  these  integrals  become  in  certain 
cases.     Consider  simple  periodic  currents,  that  is,  let 
t  — Isinpf, 
then 


where  p  = 


T 


"  2 
The  dynamometer  reading  is  proportional  to  half  tlie  squars^ 
the  maxinium  value  of  the  current.     Again,  if  we  consider 
simple  oquiperiodic  currents,  tj  and  i^  one  retarded  behind  the 
other  by  an  angle  of  lag  6,  so  that 

1*1  =  1;  sin  jot, 
and  »2  =  Ij  sin  {pt-  $), 

then  the  split  dynamometer  reading  is  proportional  to 

J     ,-T  IIP 

~J  t\tj<£«=^j  sinptain{pt-0)ftt, 

=  hhr(9m'pl  cos  6  -  sinpi  cospt  sin  0)  c/^ 

=  Li3coeft 
2 

The  split  dynamometer  reading  is  proportional  to  the  product 

of  tt»e  cosine  of  the  lag  and  half  the  product  of  the  maximum 

value  of  the  currents. 

Hence,  if  the  two  currents  are  simply  periodic,  but  lag  ozw 

behind  the  other,  and  we  pass  the  currents  separately  through 

dynamometers  to  get  the  dynamometer  reading  for  each,  and 

then  pass  them  jointly  through  a  split  dynamometer;  atid  if  wc 

then  get  instrumental  readings,  a,  ^,  and  7,  such  thai 


P 


T  ' 


^'^V03  0^ 
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aBBuming  the  constant  of  each  io&trument  to  be  iinitj,  or  that 
it  reads  direct,  we  can  obtain  the  ralue  of  cos  0,  for 

y 


cos  u~ 


Jap 


We  can  thus  determine  the  angle  of  lag  of  the  simple  periodic 
current  I,  behind  the  current  I^.  This  method  of  using  the 
dynamometer  is  due  to  Mr.  Blakealej.  Mr.  Blakesley  haa 
employed  this  split  d^Tiamometer  method  for  many  purposes, 
but  the  one  which  most  concerns  us  here  is  his  ingenious 
method  of  using  the  dynamometer  to  determine  the  efficiency 
of  a  transformer.  For  thia  he  employs  three  dynamometerB^ 
^i»  ^if  ^3-  '^'^^  ^^  them,  D|  and  D,  are  put  as  current 
measurers  in  the  primary  and  secondary  circuits,  and  one,  Dj, 
used  as  a  split  dynamometer,  takes  current  from  the  primary 


P 


circuit  through  one  coil,  and  from  the  secondary  circuit  through 
the  other,  the  three  being  arranged  as  in  Fig.  54.  Let  us 
suppose  the  dynamometers  to  be  direct  reading,  so  that  the 
reading  on  the  torsion  head  of  the  dynamometer  gives 
directly  the  mean  value  of  the  square  of  the  instantaneous 
current  through  it  when  used  as  a  simple  dynamometer,  and 
the  mean  product  of  the  separate  currents  when  used  as  a 
split  dynamometer.  The  readings  giving  thus  the  mean  of  the 
sc^uares  of  the  instantaneous  values  of  the  currents,  or  the 
mean  of  the  products  of  the  instantaneous  vihiea  of  the  cur- 
rents, as  the  case  may  be.  We  proceed  to  give  l*rof,  Ayrton's 
and  Mr.  Taylor's  general  proof  of  Mr.  Blakesley's  rule  for 
deducing  the  mean  value  of  the  power  taken  up  in  the  trans- 
former.* 

•  See  Phil.  iVu^.,  April,  1891,  p.  354,   "Proof    of   the  Oenermlity  iif 
certain  Formula  pnlilwliM  ((ir  a  8|»crinl  Ctifr"  by  Mr.  Blokeitley. 

NN  3 
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I^et  N]  and  N^  be,  as  usual,  the  number  of  the  primary  and 
secondary  turns  on  the  transformer.  Let  e^  be  the  primary 
impressed  electromotive  force  at  any  instant,  let  i|  and  i^  be 
the  corresponding  instantaneous  values  of  the  primary  and 
secondary  currents,  and  6  the  value  of  the  mean  induction 
density  in  the  core.  Take  R  and  S  for  the  resistauoes  of  the 
primary  and  secondary  oircuita.     Then  as  usual, 

Also  if  the  induction  through  the  secondary  is  equal  to  N^fi  at 
tlie  instant  when  that  through  the  primary  is  N^  6,  then,  and 
(itfn  07tly,  wo  have  also 


S«>,4^N 


db 


therefore 


and 


If  T  is  the  periodic  time,  it  follows  from  this  last  equation  thai 

The  first  term  of  this  last  equation  is  the  value  of  the  mean 
power  or  mean  watts  given  to  the  primary  circuit.  Call  this 
Wj.  The  second  integral  is  R  times  the  square  of  the  dyna- 
mometer reading  for  the  primary  current.    Call  this  RD„.    The 

N 
value  of  the  third  integral   is -— J  S   times   value   of   the  split 

Nj 

dynamometer  reading,  which  gives  us  a  reading  we  will   c&ll 


SD 


Therefore, 


Hence  having  the  power  in  watts  given  to  the  primary  coil,  we 
can  easily  find  the  efficiency  when  wo  know  the  power  in  watte 
given  to  the  external  secondary  circuit.  If  Ij  is  tlie  Vmean' 
value  of  the  secondary  current,  and  V^  is  the  ^tneau^  value  of 
the  |>otcntial  difference  between  the  secondary  terminals  of  the 
transformer,  then  the  power  in  watts  spent  in  heating  the 
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Mooodaxy  odl  to  the  trmiafonDer  is  S  I,',  and  the  power  in 
watts  giTBD  to  the  external  seconJary  circuitis  I,  Y^  Hence, 
the  effioeocy  <  b 

I .  V, 

or  if  S^  is  the  resistance  of  the  external  aeoondary  circuit,  and 
Dj  is  the  dynamometer  reading  of  the  izntrument  in  the  second- 
ary circuit,  then 


RD,+  ^iSD^ 


The  above  proof  makes  no  aasumption  that  the  current  follows 
a  simple  sine  ciure  law.  It  is  perfectly  general.  It  does,  how- 
ever, assume  that  there  is  no  magnetic  leakage.     As  in  every 


Fta  55. 

transformer  on  ftiU  load  the  number  of  lines  of  induction  linked 
with  the  primary  and  secondary  circuit  is  not  the  same  at  the 
same  instant,  it  follows  that  some  degree  of  caution  should  be 
erercised  in  applying  this  formula  in  practice.  The  method 
also  huls  when  applied  to  a  transformer  or  open  secondary 
circuit,  because  obviously  then  the  split  dynamometer  gives  no 
reading. 

Mr.  Blakesley  made  known,  however,  in  1891,*  a  perfectly 
general  method  of  employing  a  split  dynamometer  to  measure 
the  power  taken  up  in  any  inductive  circuit,  making  at  the 
same  time  no  assumption  as  to  the  form  of  the  current  curve. 
The  method  makes  use  of  a  dynamometer  Dj  or  ammeter,  a 
split  dynamometer  D,  and  a  non-inductive  resistance  r  (see 
Fig.  55).     Let  a  6  be  the  inductive  circuit,  in  which  the  power 

*  Bee  Pha,  Mag.,  April,  1891.  p.  346. 
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is  to  be  measured.  Let  i  be  the  current  in  it  at  any  instant, 
and  let  i\  be  the  current  in  the  non-induotive  resistance,  and 
i^  that  in  t}io  line.  Then  the  coils  of  the  split  dynamometer 
are  traversed  by  the  current  L  and  t,  and  the  reading  of  D* 
measures  therefore  the  mean  of  tho  product  t^  i.  Also  the 
dynamometer  D^  measures  the  mean  value  of  aT  But  we  have 
always,  at  every  instant, 

=*  i  tj  -  »* 

but  r  t|i  is  equal  to  the  inscantaaeous  value  of  the  power  taken 
up  iu  the  inductive  circuit  a  6.     Hence  if  the  dynamometcra 
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are  graduated  to  read  direct,  and  we  call  Dg  and  Dj  the  readings, 
and  W  the  mean  power  taken  up  iu  a  6,  then  we  have,  by 
taking  mean  values  through  a  period, 

or  W  =  r(D2-D,). 

This  method  has  the  advantage  of  making  no  assumption  as 
to  form  of  current  curves  or  absence  of  magnetic  leakage.  The 
reader  is  referred  to  Mr.  Blakealey's  Paper  for  other  aimilar 
methods. 

One  other  similar  method  may  be  mentioned.  It  was  given 
by  Mr.  Blakesley  in  bis  Paper  iu  1891,  but  as  a  matter 
of  fact  was  independently  devised  by  Mr.  A.  Wright,  and 
shown  to  tho  author,  though  not  published,  some  time  pre- 
viously. A  split  dynamometer  and  ammeter  are  arranged 
as  shown  in   Fig.  56,  having   a  non-inductive   resistance   r 
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iu  series  with  the  ammeter.  If  r  conaista,  as  it  may  be,  of 
water  resistance  or  incandescence  lamps,  thou  a  voltmeter  V  la 
needed  as  well  arranged  across  the  mains.  If  t  is  the  current 
in  the  inductive  resistance  and  i^  that  through  the  ammeter, 
and  i.,  that  flowing  into  the  split  dynamometer,  then  the 
dynamometer  (reading  D)  meaaxirea  the  mean  value  of  t\  i^and 
the  ammeter  reading  A  measures  the  ^meau^  value  of  »\'.  If 
wo  call  D  the  rcailiug  of  the  split  dynamometer,  and  A  that  of 
the  ammeter,  then  the  mean  power  W  taken  up  in  the  inductive 
resistance  is  given  by  the  equation 

I  W«r(D-AS). 

for  the  instantaneous  value  of  the  power  given  to  the  circmt 


a  6  is  r  t  ij,  and  this  is  equal  to  r  (i^  t ^  - 
Whence  the  above  form\ila  follows.     If 


»[*)  or  to  ri,  (i.j  -  i|). 
r  is  not  known,  or  is 


variable,  then  we  mu8t  obtain  its  value  by  taking  the  «ymcan- 
voltmeter  value,  namely  V,  and  dividing  it  by  the  ^/mean' 
current  value  A,  and  obtain  the  value  of  W  from  the  equation 


W-  1(D-A''). 
A 


tThis  method  has  not  always,  however,  the  accuracy  of  the  one 
i1||tfore  mentioned,  because  of  the  presence  of  an  ammeter,  which 
may  have  some  self-induction,  in  a  circuit  r  which  ought  to  be 
quite  non-inductive. 

I  Electrostatic  VoUmHcr  ami  EUctromntfr  Methtxls, — In  1861, 
Prof.  Ayrtou,  Frof.  Fitzgerald,  and  M.  Potier  proposed  a 
method  of  measuring  the  mean  power  given  to  an  inductive 
circuit  dependent  on  the  use  of  a  quadrant  electrometer. 
At  the  time  when  this  method  was  proposed,  it  was 
assumed  that  every  quadrant   electrometer   obeyed  a  certain 

I  text-book  law  which  may  thus  be  stated.  Suppose  that  the 
potential  of  one  pair  of  quadrants,  at  any  instant,  is  t>j,  and 
that  of  the  opposite  quadrants  v^  and  that  of  the  needle  «, 
then  if  the  quadrants  enclose,  as  usual,  the  needle,  the 
electrical  force  on  the  needle  deSecting  it  has  been  usually 
_     taken  as  expressed  in  all  cases  by  the  law 
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inatnimGntal  constaiit ;  and  hence  that  the  deflection  of  the 
needle  when  small  followed  the  same  law. 

If  we  assume  this  to  be  the  true  law  of  the  instrumont,  it 
can  be  shown  that  the  mean  power  taken  up  in  an  induotirc 
circuit  can  be  measured  as  follows  : — 

Let  AB  be  the  inductive  circuit,  and  lot  BC  be  a  non- 
inductive  resisbauce  R  in  series  with  it.  Let  an  alternating; 
current  flow  through  the  two,  and  letv^  v^,  v,  be  the  potentials 
of  the  points  A,  B,  and  C  at  any  instant.  The  pairs  of  opposite 
quadrants  of  the  electrometer  are  joined  to  the  points  A  and  B, 
and  two  observations  are  taken,  one  when  the  needle  is  joined 
to  B,  and  one  when  it  is  joined  to  C  If  then  Fj  and  Fj  are 
the  forces  on  the  needle,  in  each  case  we  have 

Subtracting  we  have 

F,-F2-K<.v-rft)(t/,-tf.), 

Hencei  if  the  time  of  vibration  of  the  needle  is  very  largo  coaS? 
pared  with  the  periodic  time  of  the  currents,  the  difference  of 
the  deflections  of  the  needle  in  the  two  cases  is  proportional  to 
the  mean  value  of  the  product  of  the  dificrences  between  the 
instantaneous  values  of  the  potentials  at  A  and  B  and  those  at 
B  and  C.  But,  (v^  -  Vf,)  is  the  potential  diSereuoe  of  the  ends 
of  the  inductive  resistance,  and  (r^  - 1'^)  is  proportional  to  the 

current  flowing  through  it,  because  — 1-  is  the  current  in  the 

R 

non-inductive  resistance  in  series  with  it.  Hence,  the  ditiference 
of  the  two  deflections  measures  the  power  beiug  taken  up  in  the 
inductive  part.  It  has  been  suggested  by  MM.  Bloudlot  and  Curie 
that  the  diflercnce  can  be  obtained  at  once  by  one  reading  by 
means  of  an  electrometer  with  two  pairs  of  quadrauta  and  two 
needles  on  the  same  shaft  but  insulated  from  each  other,  one 
needle  connected  to  the  point  B,  and  the  other  to  the  jwint  C, 
and  both  pairs  of  quadrants  connected  to  A  and  B.  It  has  been 
shown,  however,  by  Dr.  J.  Hopkinson,  and  also  by  Profs.  Ayrton 
and  Perry,  that  it  is  not  safe  to  assume  that  any  quadrant  electro- 
meter, however  made,  follows  this  theoretical  law.  It  is  possible 
to  devise  one  that  does,  but  we  must  not  assume  without  jasti- 
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ficatioa  by  experiment  that  any  kind  of  rleflectional  quadrant 
eleotrometer  can  be  so  used.  Messrs.  Ayrton,  Perry  and  Sumpner 


pjo.  57.— Ayrtou,  Perry,  koA  Sumpner  QwMlmnt  Kiertromctcr. 


have  devised  a  form  shown  in  Fig.  57,  which  does  obey  the  theo- 
retical law.*   They  have  pointed  out  that  the  quadrant  electro 

■  See  Traruofftion*  of  Ihr  lioifnf  Sociriif  of  London^  Vol.  182  (1891), 
p.  619.    "  (Quadrant  KloctromeUrm" 
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meter,  if  used  to  meaaure  the  mean  power  given  to  an  inductive 
circuit,  does  not  give  corrcot  results  unless  the  quadrants  are 
in  one  special  position.  The  experimentaliBt  has  therefore  to 
be  on  his  guard  against  this  source  of  error.  It  will  be  noticed^ 
however,  that  assuming  the  electrometer  to  obey  this  lav,  the 
inatrumenta  can  be  used  to  measure  mean  power  without  anjr 
restrictions  as  to  the  form  of  the  current  curve  or  any  special 
law  of  Tariation  of  the  instantaneous  values  of  the  current 
during  the  phase. 

The  mean  power  given  to  an  inductive  circuit  can,  howeveri 
be  accurately  measured  by  means  of  three  voltmeters,  which 
may  be  quadraut  electrometers  used  idiostatically  by  means 
of  a  method  simultaneously  suggested  by  Messrs.  Swinbumef 
Ayrton,  and  Surapuer.*  It  is  as  follows : — Let  A  B  be  an 
inductive  circuit,  say,  the  primary  circuit  of  a  transformer, 
in  which  it  is  desired  to  measure  the  electrical  power  taken 
up.  A  B  may  be  the  primary  circuit  of  a  transformer,  with 
loaded  or  unloaded  secondary  circuit,  or  the  circuit  of  a 
choking  coil.  In  series  with  it  must  be  placed  a  non-inductive 
resistance,  BC,  whose  ohmic  resistance,  R,  shall  be  approxi- 
mately equal  to  the  impedance  of  the  inductive  circuit 
Three  electrostatic  voltmeters  or  quadraut  electrometers  used 
idiostatically  t  are  joined  up  as  shown  in  Fig.  58.  Let  fp  v^ 
Vj,  be  the  instantaneous  values  of  the  potcutials  at  tho  points 
A,  B,  and  C     Then  wo  have  always 


(' 


i-*'j)  =  K-^)+("s-"s)- 


*  See  "  The  Meaaurcmeot  of  the  Power  given  by  any  Electric  Current 
to  any  Circuit,"  by  Prf>f.  Ayrton  and  Dr.  Bumpner  ;  Proc.  Rntjni.  Soc., 
London,  V«l.  XLIX.,  1891,  p.  424. 

t  If  the  needln  cif  a  quadrant  electrometer  in  JMned  to  one  pair  at 
quulrantfi,  then  a  difference  of  potential  ninde  between  thii  one  pftlr  of 
quadrantA  and  the  other  pair,  the  needle  is  deflected  and  the  deflection  is 
proportional  to  the  equore  of  the  difference  of  potenti&l  between  Uig  two 
nlB  of  quadrantA.  The  electrometer  m  used  is  said  to  be  joined  up 
tt^ically,  and  makes  urn  of  no  other  oharKe  than  ita  own. 
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If  we  examine  these  terms  we  shall  see  that  the  term  ou  the 
left-hand  side  is  the  product  of  the  instantaneous  value  of  the 
potential  ditl'ereuce  (P.D.)  at  the  ends  of  the  iuduotivo  resistance 
and  of  the  current  flowing  through  it.  It  is,  therefore,  the  iu- 
Btantanooua  value  of  the  power  given  to  that  circuit.  The  three 
terms  on  the  right-hand  side  arc  the  KD.'a  respectively  acting 
on  the  throe  electrometers.  Call  these  P.D-'s,  Vj,  V.^,  and  V3 ; 
that  is,  let  Vj  -  w^  =  Vj,  v^  -  p^  =  V.^,  and  u,  -  r^  =  V^.  Then  we 
get  aa  an  expression  for  the  mean  power  W,  being  taken  up  in 
the  inductive  circuit  the  equation 


W-^iV." 


V  a  -  V  ^1 


The  expression  is  entirely  independent  of  any  Ksunmptions  as 
to  the  form  of  the  curves  of  current  or  clcotromotlve  force. 


A  -  fi  ^  c 

rO0O00fl3503(r0'ff>=AVM/VWWW- 


■^V.r 


ria.  58. 


In   putting   thia    method  into    practice,   however^   several 
dithculties  occur.     In  the  first  place,  as  we  are    taking   the 
differences  of  squares  of  quantities,  a  very  small  error  in  the 
quantities  themselves  may  make  a  very  much  larger  percentage 
B  error  in  the  reaultmg  measure  of  the  power.     To  get  the  best 
^  result  Vg  should  be  about  equal  to  Vg,  and  thus  Vj  must  be 
about  double  either  of  them.     In  testing  a  transformer  by  this 
method  we   have  to  provide,  therefore,  an  excess  of  primary 
pressure  j  that  is  to  say,  to  test  the  power  given  to  the  primary 
B  of  a  transformer  which  normally  requires  2,000  volts  on  its 
primary  terminals  to  work  it,  we  have  to  provide  4,000  volts  ; 
and  this  is  not  always  convenient.     In  practically  carrying  out 
this  method  to  test  a  transformer  we  may  proceed  thus :  Pro- 
vide two  transformers  Tj  and  Tj  with  low-tension  coils  arranged 
in  parallel,  and  high-tensiou  coils  in  series,  no  aa  to  give  ou  the 
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high-tenaiou  side  double  the  working  primary  volts  required 
for  the  transformer  T  to  be  tested.  In  series  with  T  arrange  a 
non-inductive  resistance  K,  which  may  consist  of  incandeaconoe 
lamps  joined  up  Lu  seriea,  and  arrange  four  elootrostatic  Yolt- 
meters  Vj,  V^,  Vg  and  V^,  aa  ehown  in  Fig.  59.  Also  put  an 
ammeter  A,  capable  of  measuring  with  great  accuracy  the  cur- 
rent flowing  through  the  lamps.  Let  the  instruments  be  joined 
up  as  shown  in  the  diagram.  Then  the  mean  watts  or  mean 
jiower  W  given  to  the  primary  circuit  of  the  transformer  T  is 
given  by  the  expression 


w 


2V. 


where  Vj,   Vj,  V3,  V^  are  the  instrumental  readings  of  the 
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several  voltmeters.     We  leave  the  proof  of  this  as  au  exerdM 
to  the  student. 

It  should  be  remarked,  however,  that  the  ammeter  A  must 
not  be  an  ordinary  dynamometeri  far  lees  an  iustrument  with 
any  iron  in  it.  It  should  consist  of  a  coil  of  German  silver,  or 
platinoid,  wire  wound  uou-iuductivcly,  and  having  a  suitable 
electrostatic  voltmeter  connected  to  its  two  extremitiee.  In 
order  to  get  the  best  resulte  the  actual  values  of  the  fout 
voltmeter  readings  should  be  as  nearly  as  possible  equal  toeaob 
other. 


< 
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Tn  applying  this  fourvoltmeUr  method  to  measure  the  power 
given  to  the  primary  circuit  of  ordinary  transformers  worked 
say  at  1.000  or  2,000  volts,  it  is  essential  to  employ  an 
accurate  electrostatic  voltmeter.  It  is  impossible  to  employ 
for  this  method  any  electro-dynamic  or  electro-magnetic  volt- 
meter. Mr.  Swinburne  has  designed  a  form  of  electrostatic 
voltmeter  very  well  adapted  for  this  work.  It  is  shown  in 
Fig.  60.  It  consists  of  four  semicircular  brass  boxes,  like  flat 
pill  boxes  cut  in  half  vertically.  These  are  insulated  from  each 
other  and  arranged  in  pairs  in  two  tiers.  A  vertical  metallic 
stem  or  axis  carries  two  semicircular  aluminium  discs,  so  fixed 


Fio,  60. — Swinburne  Elcctp.fft&tic  Torsion  Voltuieter. 

to  the  aiBm  on  opposite  aides  and  above  one  another  that  when 
the  axis  is  held  suspended  vertically  in  the  centre  of  the  instru- 
meut  and  is  free  to  rotate,  one-half  disc  of  aluminium  is  held 
centrally,  half  in  one  box  and  half  in  the  other  on  the  same 
level ;  whilst  the  other  half  disc  is  similarly  situated  with 
respect  to  the  pair  of  boxes  on  the  lower  level.  Hence  the 
arrangement  is  a  condenser  of  which  the  needle,  or  axis  with 
half  discs  attached,  forms  one  plate  and  the  metal  boxes  the 
other.  Alternate  boxes  are  connected  together,  so  that  if  we  call 
A  and  B  the  boxes  on  the  top  tier  and  A'  and  B'  those  below,  then 
A  is  connected  to  B'  and  A'  to  B.  One  pair,  say  A  -f-  B',  are  also 
connected  to  the  nee<11e  which  is  onrried  by  a  phnRphnr-bronro 


A 
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wire.  When  one  needle  and  one  pair  of  boxes  are  brought  to 
a  different  potential  to  the  other  pair  of  boxes,  the  needle  is 
angularly  displaced.  By  means  of  a  torsion  head  the  suspend- 
ing wire  is  twisted  and  the  needle  brought  back  to  its  origioal 
symmetrical  position.  To  eCfect  this  adjustment  easily  % 
mirror  is  attached  to  the  needle  stem.  With  care  and  proper 
precautions  such  an  instrument  is  very  sensitive  and  will 
indicate  a  variation  of  one-quarter  per  cent,  in  a  voltage  of 
2,000    or 

instruments    in  experiments   on 
satisfactory  results.     The   only  objection    is,   that  not  being 
iuspoctioual  instruments  tliey  require   a  torsion    head  to   be 
moved  before  a  reading  can  be  taken. 

Amvieter  or  Current-reading  Mfthods. — The  foregoing  volt- 
meter methods  are  in  many  cases   inapplicable;  because  to 


2,400.       The    author    has    employed    four    such 
in  experiments   on    transformer   etScienciea  with 
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carry  them  out  with  success  it  is  necessary  to  be  able  to 
command  a  primary  voltage  of  about  double  that  which  is 
normally  required  to  actuate  the  transformer  under  teet^  and 
this  is  not  always  possible.  Hence  the  author  suggested  (see 
Tfie  EUctricianj  May  S,  1891,)  a  method  in  which  ampere- 
meters are  employed,  and  in  which  no  extra  volts  are  required, 
but  iu  which  additional  current  is  demanded.  Lot  a  6  be,  as 
before,  the  inductive  circuit  in  which  the  power  taken  up  is  to 
be  measured  (Kce  Fig.  62).  Place  three  ampere-meters  suitable 
for  measuring  alternating  currents,  or  three  low-resistance 
dynamometers,  at  A^,  A,,  and  A^  and  let  r  be  a  non-inductive 
resistance  which  may  consist  of  incandescence  lamps.  If  a  ^  is 
the  primary  circuit  of  a  transformer,  apply  electromotive  force 
to  the  leads  until  the  normal  voltage  is  obtained.     Let  Uio 
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cunrenta  at  any  instant  through  A^,  Aj,  and  A,,  be  tj,  %p  i^ ; 
then  we  have  always 

h-H  +  H- 
Hence, 

Bat  if  V  is  the  potential  difference  between  the  leads  at  that 
instant  then  rij  — v,  provided  that  the  ampere-meter  Aj  is 
practically  non-inductive,  such  an  instrument,  for  instance,  aa 
the  twisted  strip  ammeter  of  Profs,  Ayrton  and  Perry.     Hence 

we  have  i^  —  i,^  -H  i^  +  2»j^ 

or  •3''-^(h'--V-'V). 

But  \^v  is  the  iustautaneous  value  of  the  power  being  given  to 
a  6. 

Hence  if  we  take  moan  values  throughout  a  period  and  call  Ij, 
\p  Ij,  the  -s/meau^  values  of  the  currents  and  W  the  mean 
power  given  to  a  &,  we  have  by  integration  through  a  period 

The  power  in  watts  given  to  the  circuit  ah  \b  therefore 
m*ed  in  terms  of  the  readings  of  the  three  ammeters. 

In  carrying  this  method  out  in  practice  it  is  best 
to  proceed  as  follows  : — Suppose  it  is  desired  to  measure 
the  power  taken  up  in  the  primary  circuit  of  a  transformer 
which  works  at  2,000  volts.  Arrange  a  transformer  to  provide 
this  voltage.  Let  T  be  the  transformer  under  test.  Provide  a 
non-inductive  resistance,  consisting  of  fine  platinoid  wire,  so 
wound  on  a  frame  as  to  keep  cool.  Let  this  wire  be  of  such  a 
size  and  resistance  that  it  can  be  kept  joined  across  the  mains 
without  sensible  licating.  Let  r  be  the  resistance  of  this  wire. 
Connect  a  multicellular  (Kelvin)  electrostatic  voltmeter  to 
the  cuds  of  such  a  fraction  of  this  wire  that  it  reads  at  the 
best  part  of  the  scale.  Suppose  it  reads  well  at  100  volts,  then 
join  its  terminals  to  two  points  separated  by  one-twentieth 
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part  of  n      Let  V  be   thia   voltmeter   bo  joined.     Then   by 
reading  V  and  knowing  tho  ratio  of  the  porta  into  which  the 
resistance  is  so  divided,  we  know  at  any  instant  the  potential 
difference  between  tho  primary  leads.     Then  insert  across  the 
mains  a  series  of,  say,  20  incandescence  lamps  of   100  volta,  so 
as  to  form  a  non-inductive  resistance  L,  and  arrange  three 
amperemeters  as  shown,  w.  :  Aj,  Aj,  A^.     Let  A^  be  capable 
of  being  short-circuited,  and  let  it  be  a  very  low-reaistanoe 
dynamometer^  or  an  Ayrton  and  Perry  twisted  strip  ampere- 
meter of  negligible  inductance.     Begin  by  taking  the  readings 
of  the  three  amperemeters  and  of  the  voltmeter,  and  calculate 
the  resistance  of  the  lamps  from  the  quotient  of  the  volta  it  the 
extremity  of  the  series  of  lamps  as  given  by  V,  and  the  current 
through   them  as  given   by  Aj.     From  this  and   the  three 
ammeter  readings  calculate  by  the  above  formula  the  power 
taken  up  in  the  fine-wire  non-inductive  resistance  r,  and  see 
if   the   result    agrees  with   that  calculated  by   dividing  the 
square  of  the   potential  difference   between    its  ends   by  ita 
measured  resistance.     If  thia  is  the  case  we  can  be  tolerably 
conGdent  that  the  instrumental  readings  are  correct.      Next 
join  on  the  primary  terminals  of  the  transformer  to  the  ends 
of  the  resistance  r  and  take  a  fresh  set  of  readings.     From 
these   we   can   calculate    the   total   power   taken   up  in  the 
resistance  r  and  in  the  transformer,  and  hence  that  in  the 
latter  becomes  known.     The  advantage  of  having  the  non- 
inductive  fine- wire  circuit  is  that  it  enables  us  to  check  the 
readings  by  measuriug  a  known  power,  and  also  that  it  in- 
creases the  reading  of  the  ammeter  A^,  which  might  otherwise 
be  very  small.     The  most  favourable  case  for  accuracy  presents 
itself  when  the  current  through  A^  is  about  equal  to  that 
through  A3.     In  this  method  as  in  the  three-voltmeter  method, 
since  the  formula  contains  a  function  which  is  the  difference  of 
squares  of  observed   quantities,  a  relatively  small  error  in  the 
instrumental  readings  will  make  a  much  larger  percentage  error 
in  the  final  result.     For  further  discussions  on  these  methods 
of  curreut  and  voltmeter  measurement  of  alternating-current 
power,  we  must  refer  the  reader  to  a  Paper  by  Prof.  Ayrton 
and  Dr.  Sumpuer,  entitled  ^'  Alternate  Cm'rent  and  Potential 
DiSerence  Analogues  in  the  Methods  of  measuring  Power." 
{PhiL  Mag.,  Auguat,  1891,  p.  204.) 
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It  will  be  seen  that  whilst  the  voltmeter  rnGthods  u-a 
dependent  upon  the  possibility  of  obtaining  a  primary  pressure 
»t  beet,  nearly  double  the  working  primary  electromotive  force 
of  the  transformer,  these  currents  or  ammeter  methods  are 
dependent  upon  the  possibility  of  obtaining  increased  currents 
over  and  above  that  required  by  the  primary  of  the  transformer. 
Both  methods  have  the  disadvantage  of  necessitating  a  waste 
of  power  in  a  dead  resistance,  which  waste  of  power  ia  approxi- 
mately etpal  under  moat  favourable  conditions  for  accuracy  to 
the  power  being  measured.  The  methods  are,  therefore,  hardly 
applicable  to  such  a  case  as  that  of  measuring  the  power  being 
sent  out  from  an  alternating-current  station  into  the  primary 
circuits  of  a  large  number  of  transformers.  It  would  bo  then 
generally  impracticable  to  produce  the  conditions  favourable 
to  accuracy,  and  such  instrumental  readings  as  could  be 
obtained  would  be  affected  by  errors  which  would  totally 
vitiate  the  calculated  results. 

WaHm^ter  Methods. — In  most  of  the  methods  previously  de- 
Boribed  for  measuring  the  power  given  by  alternating  currents 
to  an  inductive  circuit  a  collection  of  instruments  is  re(|uired, 
&nd  in  most  of  them  also  a  non-inductive  resistance  is  employed 
as  an  addition  to  the  circuit  in  which  the  power  is  to  be 
measured.  Generally  speaking,  when  such  a  nou-induotive 
circuit  is  employed,  it  has  to  be  of  such  a  character  that  it  is 
possible  to  waste  in  it  a  power  approximately  equal  to,  or  even 
much  greater  than,  the  power  given  to  the  circuit  under  test. 
Outside  of  the  laboratory,  therefore,  all  these  methods  are  not 
always  convenient,  and  often  entirely  impracticable.  Take  the 
case  of  au  alternating-current  station  supplying  current  to 
distributed  transformers.  It  is  not  possible  to  obtain  the 
proper  conditions  necessary  to  employ  any  of  the  voltmeter,  am- 
meter, or  dynamometer  methods  described  above  with  suocoss. 
Neither  is  it  possible  to  obtain  double  the  working  pressure 
necessary  for  the  application  of  the  three-voltmeter  method, 
nor  is  it  practicable  to  obtain  a  non-inductive  resistance  suffi- 
ciently proportioned  to  be  capable  of  wasting  an  amount  of 
power  proper  to  apply  any  of  the  other  similar  methods  under 
conditions  in  which  the  results  of  observation  would  be  likely 
to  give  figures  of  adequate  accuracy  to  deduce  the  true  power 
given  out. 

00 
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There  is  one  inBtrument,  however,  which  does  not  necessitate 
in  its  use  as  a  power-meter  any  such  proportional  expenditare 
of  power.  This  instrument  is  the  dynamometer  with  a  thick 
and  a  thin  wire  coil.  The  theory  of  this  instrument  when 
employed  to  measure  alternating  current  power  has  been  dis- 
cussed in  Vol.  L|  Chap.  III.,  §  17.  It  is  there  shown  that  if  one 
coil  of  a  dynamometer  is  inserted  in  series  with  an  inductive 
oircnit  in  which  the  power  taken  up  ia  to  be  measured,  and  if 
the  other  coil  is  made  a  shunt  across  the  terminals  of  this  cir- 
cuit, then  the  couple  required  to  hold  the  movable  circuit  in  a 
position  in  which  its  plane  is  at  right  angles  to  the  fixed  circuit 
is  strictly  proportional  to  the  power  taken  np  in  the  inductive 
circuit  only  under  two  conditions  : — (i.)  when  the  time  constant 
of  the  inductive  circuit  is  equal  to  that  of  the  shunt  circuit 
of  the  dynamometer,  and  (ii.)  when  the  time  constant  of  this 
last  circuit  is  absolutely  zero.  It  is  almost  impossible  to  realise 
the  Brst  condition,  and  hence  the  utilisation  of  the  dynamo- 
meter as  a  direct  wattmeter  without  the  use  of  any  additional 
instrument  is  dependent  upon  the  possibility  of  making  the 
time  constant  of  the  shunt  circuit  of  the  wattmeter  practically 
scro.  This  result  can  be  obtained  by  making  the  movable 
coil  of  the  dynamometer  of  a  very  few  turns  of  wiro^  and 
placing  in  series  with  this  outside  the  instrument  a  truly  non- 
inductive  resistance  of  no  sensible  capacity  and  of  appropriate 
magnitude.  If  the  fixed  coil  is  placed  in  scries  with  the  circuit 
to  be  tested,  then  under  these  circumstances  the  power  given 
by  an  alternating  current  to  that  circuit  can  be  determined 
from  the  wattmeter  readings,  using  a  constant  for  the  instru- 
ment which  has  been  previously  determined  by  experiments 
with  continuous  currents. 

It  has  been  shown,  however  (Vol  L,  Chap.  HI.,  §  20),  that 
if  the  time-constant  of  the  fine-wire  circuit  is  not  truly  zero 
a  correcting  factor  must  be  applied  to  the  instrumental  con- 
stant determined  by  experiments  with  continuous  currents  in 
order  to  make  it  applicable  to  alteruatiug-current  measure- 
ments on  inductive  circuits;  and  the  magnitude  of  that  factor 
is  dependent  upon  the  time-constant  of  the  dynamometer 
shunt  circuit,  and  that  of  the  circuit  under  test.  Also  that 
factor  contains  a  term  which  is  a  product  of  these  time- 
constants,  and  which  is  not  zero  unless  the  time-constant  of 
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the  shunt  circuit  ia  absolutely  zero.     The  shunt  circuit  of  the 

djTiamomet^r  may  possess  either  a  certain  small  amount  of 
Belf-induction  or  a  small  amount  of  capacity,  and  either  of  theso 
may  therefore  bestow  upon  the  shunt  circuit  such  a  positive 
or  negative  equivalent  inductance  that  when  the  product  of  its 
time-constant  and  that  of  the  circuit  under  test  is  taken  the 
product  is  not  a  small  quantity  which  can  be  neglected.  It  is 
not  safe,  therefore,  to  assume,  without  making  special  teats, 
whether  any  proposed  arrangement  of  shunt  circuit  in  a 
dynamometer  wattmeter  has  a  time-constant  so  nearly  zero  that 
its  finite  value  introduces  no  errors  into  tho  measureraonta  pro- 
posed to  be  maile  with  it.  If  this  precaution  is  not  taken,  the 
reading  of  the  wattmeter,  when  taken  on  an  inductive  circuit, 
will  not  (pve  the  true  power  when  interpreted  by  means  of  an 
instrumental  constant  determined  by  the  help  of  continuous 
currents.  Each  particular  wattmeter  needs,  therefore,  to  have 
critical  and  particular  attention  bestowed  upon  it  before  it  can 
be  employed  to  measure  alternating  current  jxjwer.  One 
method  by  which  this  can  be  accomplished  is  to  compare  the 
readings,  given  by  the  wattmeter  in  question,  of  the  power 
taken  up  in  an  inductlvo  circuit,  say  in  the  primary  circuit  of 
a  transformer  on  open  secondary  circuit  with  the  readings  given 
by  a  method  of  acknowledged  accuracy,  viz.,  the  three-volt- 
motor  method.  The  proper  conditions  must  bo  secured  for 
obtaining  the  highest  accuracy.  It  is  important,  therefore,  to 
know  under  what  conditions  we  can  obtain  with  the  three- 
voltmeter  method  the  most  accurate  results.  We  shall  there- 
fore in  explaining  this  c|uote  literally  the  paragraph  Crora  the 
paper  by  Prof.  A3rrton  and  Dr.  Sumpner  in  which  they  discuss 
this  important  matter.* 

Taking  the  arrangement  figured  on  page  555,  let  Vj'  stand 
for  tlie  mean  of  the  squares  of  the  instantaneous  values  during 
the  period  of  the  potential  ditference  between  the  ends  of  the 
inductive  resistance  under  test  Vg^  for  the  same  quantity  over 
the  non-inductive  resistance  in  series  with  it,  and  V'  for  the 
same  over  all  the  two  circuits  together.  Then  if  W  is  the 
watt  power  taken  up  in  tho  inductive  circuit,  and  r  is  the  ohmic 

I  *  "  On  tite  MeaturtmtnS  of  the  Power  given  by  any  EUciric  CurraU  to 
anyCi'rcuii"  (Ayrton  and  Sumpocr),  Proo.  Roy.  Soc,  LondoD,  VoL  49; 

p.  434,  I89I. 

oo2 


064       TBK  CONSTRUCTION  AI9D  ACTION   OF  TRANSFOBMSBai 


resistance  of  the  non-inductive  circuit,  then  we  have  seen  that 
W=1(V>-V,«-\V); 

therefore,       <i  W  -  i  (V  <;  V  -  V^  d  Vj  -  V,  rf  V,), 
r 

where  <2Vx,  d'K^  </y  are  the  errors  made  in  the  estiooation  of 
the  three  potential  diiTercnces. 

Let  rfV  -  +cV, 

where  «  is  a  small  fraction,  i.e.,  let  the  errors  in  each  measure- 
ment bo  the  same  per  cent,  of  the  quantity  measured. 
The  most  probable  value  of  (cf  W)*  is 

«>that  (w-)"^^(v^-iv-v;y  '  •   •   (^> 

Let  the  non-inductive  resistance  have  such  a  valae  that 

V,-*V, (2) 


We  wish  to  find  the  valueof  x  which  will  make 


W 


minimum. 


Let  the  potentials  vary  harmonically,  and  let  <^  be  the  angle  of 
lag  between  the  potential  difference  of  the  terminals  of  the 
inductive  circuit,  and  that  of  the  non-inductive  circuit.     iSinoe 

these  being  instantaneous  values,  we  have 

V«  =  Vj2  +  Ay  +  2ViVaC08«A    ...     (3) 
Eliminating  V,  Vj,  and  V3  between  equations  (1),  (2),  and  (3), 
we  have 

4  ^8(i+5"-2*008<^)»+l-ha:* 


( 


(4) 


4x^  cos  3  ^ 

Now  cos  (^  is  independent  of  ;p,  hence  to  find  out  what  value 
of  %  makes  d  W/W  a  minimum  we  differentiate  the  numerator 

of  (4)  and  equate  to  zero,  and  we  find  that  x^\  makes a 

minimum.     Hence  the  arrangement  which  will  give  the  greatest 
possible  accuracy  in  the  measurement  of  W  is  that  in  which 
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Vj=V,,  or  in  which  the  potential  drop  over  the  inductive 
circtiit  is  equal  to  the  potential  drop  over  the  non-inductive 
circuit. 

In  (4)  put  x^\  ;  we  have  then 


-;.». 


^2-H4(l-fco8cfr)» 
2cosc^ 


dW_  ^2  +  4(l+coB^)a 
We  coe<^ 


(5) 


dW 


But  *^^  ia  the  ratio  between  the  percentage  error  made  in 

measuring  the  power,  and  the  percentage  error  made  in  measur- 
ing one  of  the  potential  differences.  If  we  were  applying  thia 
method  to  measure  the  power  takea  up  in  the  primary  circuit  of  a 
cloeed  magnetic  circuit  transformer  with  open  secondary  circoity 
the  value  of  cos  i*  would  be  about  *7o.     If  we  put  cos  (j)^  =  J  in 

^5)  we  find  that  - —  ^5.      Hence  an  error  of  1  per  cent,  in 
W^ 

measuring  each  of  the  alternating  potential  differonces  would 

involve  an  error  of  at  least  5  per  cent,  ia  the  measurement  of 

the  power,  and  to  get  the  power  correct  to  one  per  cent,  we 

must  be  certain  that  the  voltmeter  readings  are  correct  to 

within  a  quarter  per  cent.     Since  cos  </>  is  more  nearly  zero 

when  measuring  the  power  taken  up  at  no  load  in  the  primary 

of  an   open   magnetic   circuit  transformer,  say  a  Hedgehog 

transformer,  it  follows  that  it  is  more  difficult  to  measure  with 

a  given  percentage  accuracy  the  inductive  power  taken  up  in  a 

circuit,  the  power  factor  of  which  is  small,  than  the  power 

taken  up  in  a  closed  magnetic  circuit  transformer  in  which  the 

power  factor  is  large. 

Returning  to  the  wattmeter  measurement,  we  may  say  that 
the  above-described  thrce-voltmcter  method  must  be  applied 
with  the  necessary  care  to  check  the  readings  of  a  dynamometer 
wattmeter  before  these  last  can  be  depended  upon.  Eiperi- 
menta  by  the  author  have  ehown  that  very  considerable  errors 
may  be  introduced  in  wattmeter  measurements  by  small  but 
sensible  capacity  in  the  shunt  circuit  of  the  wattmeter. 

The  sum  and  substance  of  the  foregoing  discussion  is  that 
the  wattmeter  can  be  made  to  be  an  accurate  instrument  for 
the  measurement  of  the  power  given  to  an  inductive  circuit, 
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but  the  tisor  of  such  instrument  should  take  some  eare  to 
assure  himself  that  the  wattmeter  shunt  circuit  ia  truly  non- 
inductirej  or  that  its  time-constant  ia  sufficiently  small  not  to 
affect  the  accuracy  of  the  measurements  proposed  to  be  made, 
by  reason  either  of  self-induction  or  capacity  in  this  shunt 
circuit. 

Graphic  and  Intef/raixng  Methods. — In  discuasing  the  work 
of  Prof.  Ryan  ou  "  Transformer  Indicator  Diagrams,"  we  have 
seen  that  when  the  primary  electromotive  force  and  current 
curves  of  a  transformer  have  boon  drawn,  wo  can,  by  multipli- 
cation of  the  corresponding  instantaneous  values,  draw  a  power 
curve  showing  the  power  given  to  the  primary  circuit  at  every 
instant.  By  taking  the  meau  value  of  the  ordinatea  of  thia 
power  curve  during  one  complete  period,  we  obtain  the  mean 
power  given  to  the  primary  circuit.  Thia  method,  though  very 
laborious,  is  probably  as  accurate  as  any  of  the  above-described 
methods.  It  is,  however,  of  very  limited  application,  and  not 
at  all  suitable  for  general  use. 

§  15.  General  Relations  of  Efficiency  and  Size  of  Trans- 
formers.— Foregoing  remarks  will  have  made  it  evident  to  the 
reader  that  the  designing  of  transformers  is  a  matter  which  is 
to  a  considerable  degree  a  tentative  one,  and  that  very  small 
changes  in  the  proportion  of  the  various  parts  will  often  con- 
siderably affect  the  result.  Let  us  assume,  however,  that  a 
constructor  has  before  him  a  transformer  of  good  design,  and 
which  ia  highly  efficient.  He  wants  to  know  how  far  this  form 
is  a  guide  to  making  larger  or  smaller  transformers  of  the 
same  kind.  Mr.  Kapp  has  pointed  out*  that  if  wo  take  a 
given  transformer  and  make  every  part  twice  as  large  whilst 
retaining  the  induction  density  constant,  we  shall  make  the 
output  of  the  transformer  32  times  as  great,  for  we  retain 
the  same  number  of  coils  and  turns  ia  each,  and  hence  the 
total  induction  is  four  times  as  great  as  before.  The  electro- 
motive force  is  also,  therefore,  four  times  as  great.  The 
resistance  of  the  coils  has,  however,  been  reduced  to  one-half, 
because  the  section  has  been  increased  to  four  times  and  the 
length  doubled.   Hence,  if  we  allow  the  same  copper  loes,  we  can 

*  **  Profesaiooal  Papers  of  the  Corps  of  iloyal  Knginean,"  1802.  Vot 
XVIIL,  Pfcper  lit,  p.  41. 
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now  allow  a  current  which  wilt  be  eight  times  its  former  value. 
Henco  the  output  of  the  transformer  is  increased  32  tiroes,  be- 
cause the  current  is  increased  eight  times  and  the  electromotive 
force  four  times;  accordingly  the  output  is  increased  as  the  fifth 
power  of  the  increase  of  the  linear  dimensions.  The  weight  of  the 
transformer  will  only  be  increased  as  the  cube  of  the  usoreafie  of 
the  linear  dimensions.  It  is  therefore  seen  that  large  transformers 
are  more  economical  to  build  than  small  ones,  and  that  they 
hare  a  greater  output  per  unit  of  volume.    Mr.  Kapp,  however, 
points  out  that  since  the  surface  is  relatively  smaller,  in  the 
case  of  the  large  transformer,  it  is  not  possible  to  take  full 
advantage  of  this  iucreaae  of  output  in  practice.     It  is  found 
that  for  every  watt  lost  in  the  transformer  iu  core  or  coils 
together,  a  cooling  surface  of  from  three  to  four  square  inches 
must  be  provided.     In  large  transformers  ventilation  becomes 
of  great  importance,  and  as  the  failure  of  a  largo  transformer 
is  more  serious  than  the  failure  of  a  small  one,  it  is  essential 
that  the  temperature  shall  bo  kept  down  to  a  point  at  which 
the  insulation  is  not  permanently  injured.     As  f or  aa  regards 
mere  temperature  effect  on  the  metals,  we  have  seen  that  it  is 
advantageous  for  the  iron  to  run  to  as  hot  as  possible,  provided 
the  permeability  is  not  much  diminished,  and  that,  similarly, 
the  copper  ought  to  be  kept  cool.     One  of  the  difficulties  which 
has  to  be  faced  in  the  system  of  distributed  transformers  is 
that  of   liudiug   suitably   ventilated  places   for  transformers. 
Iu  a  properly  designed  substation,  fans  can  be  used  to  circulate 
air  or  pumps  to  circulate  oil  round  the  transformers,  and  so  a 
steady  removal  of  heat  can  be  effected,  thereby  enabling  ua  to 
take  the  full  advantage  of  largo  size.     It  is  hardly  too  much  to 
say  that  when  properly  constructed  lai'ge  substation  trans- 
formers ore  employed  in  well-designed  substations  the  efficiency 
of  distribution  of  such  a  transformer  system  could  be  made 
quite  equal  to  that  of  any  low-pressure  direct-current  system, 
and  be  kept  certainly  above  90  per  cent.     This  is  not  possible 
when  small  distributed  transformers  are  employed.     In   this 
case  the  efficiency  of  distiibution  may  fall  as  low  as  50  per 
cent.     The  term  *'  efficiency  of  distribution  "  is  here  used  to 
denote  that  fraction  expressed  aa  a  per  cent,  of  the  whole  of  the 
electrical  energy  sent  out  in  one  year  from  the  generating 
station  which  is  delivered  and  sold  to  the  consumers. 


CHAPTER   V. 


OTHER  PRACTICAL  USES  OF  TRANSFORMERS. 


§  1.  Electrical  Welding. — The  application  of  the  transfonnor 
for  purpooee  other  than  electric  lighting  has  led  to  the 
development  of  inventions  in  which  the  inductive  transforma- 
tion of  electric  energy  pl&ya  an  important  part.  la  none  of 
these  ia  the  striking  peculiarity  of  the  transformer  better 
brought  out  than  in  its  utilisation  in  electric  welding.  In 
electric  welding  we  see  the  principle  of  the  transformation  of 
electric  energy  pressed,  as  it  were,  to  its  utmost  limit,  in  that 
currents  of  enormous  strength  but  exceedingly  low  voltage  are 
generated  by  currents  of  small  strength  and,  relatively,  very 
high  voltage.  We  owe  this  youngest  of  the  electrical  arts  to 
Prof.  Elihu  Thomson,  who  made  known  the  processes  in  1886 
or  18S7.  This  novel  way  of  utilising  electric  energy  depends  on 
the  simple  ffu^t  that  if  a  very  large  electric  current  ia  passed 
through  a  conductor  which  is  severed,  but  which  haa  its 
8evere<l  ends  pressed  together,  enough  heat  will  be  generated  at 
the  junction  to  raise  to  incandescence  the  ends,  and  fuse  them 
together.  The  peculiarity  of  this  process  of  electric  welding  is 
that  not  only  the  hitherto  so-called  weldable  metals,  but  almost 
all  others,  can  bo  similarly  treated.  Hitherto  the  metals 
which  have  been  welded  with  facility  by  the  ordinary  methods 
of  furnace  heating  and  subsequent  hammering  have  been 
wrought  or  soft  iron,  steel,  platinum,  pure  gold,  and  a  few 
others;  but  such  metals  as  cast  iron,  brass,  ^nmetal,  bronse, 
German  silver,  zinc,   tin,  lead,  aluminium,  and  other  alloys 
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have  not  hitherto  hcen  fouud  capable  of  beiug  so  welded  ;  and 
even  hi  the  case  of  copper,  which  softens  rapidly  hy  heating, 
the  welding  together  of  two  pieces  ha^  been  found  impractio- 
abloj  by  rcaaon  of  the  great  rapidity  with  which  heated 
copper  oxidises.  Aluch  Icbs  has  it  been  found  practicable  to 
-weld  pieces  of  different  motala  together  by  ordinary  prooesses; 
and,  even  in  the  case  of  iron,  very  small  pieces  can  scarcely  be 
welded  in  the  ordinary  way,  on  account  of  Uie  rapidity  with 
which  the  small  mass  cools,  thus  reducing  the  temperature  of 
it  below  the  welding  heat. 

All  tlii»,  however,  has  been  changed  by  the  invention  of  the 
interesting  process  ofelectric  welding.  Deferring  for  the  moment 
further  details,  the  process  of  electric  welding,  apart  from  the 
special  apparatus,  may  be  thus  described.  Suppose,  for  instance, 
that  two  rods  of  brass  or  iron  are  to  be  welded  end  to  end, 
the  ends  to  be  joined  are  made  slightly  oblique  or  convex.  The 
rods  are  then  grasped  respectively  in  the  jaws  of  two  powerful 
clflkmps,  fixed  to  a  bench  in  such  a  way  that  the  axes  of  the  rods 
are  in  the  same  straight  line.  One  of  the  clamps  is  fixed,  while 
the  other  can  be  made  to  move  parallel  to  the  axis  of  the  rod, 
by  means  of  a  screw.  The  two  clamps  are  insulated  from  one 
another,  and  are  made  the  terminals  of  an  electric  circuit, 
which  may  be  the  secondary  circuit  of  a  particular  kind  of 
transformer  or  that  of  the  armature  of  a  dynamo,  or  a  secon- 
dary battery,  or  any  gouerator  for  furnishing  a  very  large 
current. 

The  arrangement  for  furnishing  current  being  given,  the 
operation  of  electric  welding  is  comparatively  simple.  The 
movable  clamp  is  screwed  forward  until  the  rods  just  touch 
one  another,  and  a  small  quantity  of  powdered  borax  is  sprinkled 
at  the  junction  to  remove  the  oxide.  The  current  is  then 
switched  on  and  increased  in  strength  until  the  niet-al  at  the 
junction  becomes  sutficiently  hot  for  the  two  pieces  to  fuse 
together.  The  movable  clamp  is  meanwhile  screwed  forward  so 
aa  to  squeeze  the  two  rods  into  perfect  contact,  the  temperature 
being  all  the  while  maintained,  if  need  be,  by  increasing  the 
current.  When  the  joint  is  perfect,  the  piece  is  removed  from 
the  clamps  and  bent  or  otherwise  hammered  to  the  required 
shape  on  an  anvil,  while  still  hot.  The  portion  of  the  rods 
heated  is  quite  short,  most  of  the  heat  being  generated  at  the 
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junction,  initially  because  of  the  slightest  resistance  of  the 
contact  in  the  first  place,  and  afterwarda  because  of  the 
relatively  high  resistance  of  the  heated  part  of  the  rod  after 
the  junction  has  become  complete.  Should  the  weld,  on  exA- 
miuation,  prove  to  be  faulty,  the  specimen  may  be  again  put  into 
the  clamps  and  ro-heatod ;  the  bad  wold  would  in  most  oases 
have  sufficiently  high  resistance  to  localize  the  heat. 

It  will  be  seen  that  this  method  has  immense  advantages  for 
light  work.  Where  electrical  power  is  available,  the  clamping 
appliances  can  be  6xed  to  a  bench  in  any  part  of  the  workshop, 
and  the  operation  is  clean,  exact,  and  expeditious.  Another 
great  advantage  is,  that  almost  any  metal  can  be  welded  by 
this  means.  Metals  most  commonly  used  to  illustrate  the  pro- 
cess are  cast  iron,  steel,  wrought  brass  and  copper,  all  of  which 
weld  perfectly.  So  complete  is  the  junction  that  the  specimens 
when  tested  afterwards  are  generally  found  to  break  at  other 
places  than  at  the  weld.  In  welding  large  bars  the  currents 
that  are  required  are  considerable,  but  as  the  current  is  main- 
tained only  for  a  short  time,  the  actual  power  consumed  is  not 
great.  For  instance,  the  current  required  to  effect  a  weld 
between  J-inch  steel  rods  is  about  450  amperes,  but  a  somewhat 
smaller  current  suffices  to  maintain  the  welding  heat  after  it 
has  once  been  obtained. 

The  process  of  electric  welding  is,  therefore,  seen  to  be 
essentially  dependent  upon  the  high  resistance  produced  at 
a  coutact  of  two  metals,  and  subsequently  upon  the  high 
resistanco  of  a  hot  metal,  combined  with  the  application  of 
pressure  of  the  two  ends  when  the  welding  temperature  is 
obtained. 

It  is  obvious  that  special  means  are  necessary  to  obtain  the 
immense  currents  requisite  for  effecting  electrio  welding.  The 
only  two  processes  which  have  been  found  practicable  for  gene- 
rating these  currents  are  dependent  upon  the  use  either  of  a 
low-resistance  dynamo  or  of  a  transformer  with  a  specially 
constructed  low-resistance  secondary  coil.  The  first  method, 
employing  a  dynamo,  is  called  the  *'  direct  t3rj>e  of  welding,"  but 
has  not  such  :iu  extensive  application  as  that  process  in  which  the 
transformer  is  employed.  In  Fig.  1  is  shown  a  dynamo  adapted 
for  direct  welding,  as  constructed  by  the  Thomson-Houston 
Company.     On  a  table  above  the  dynamo  are  seen  the  jaws 
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or  olampa  in  which  the  rods  to  he  welded  are  placed,  and 
through  which  junction  the  current  from  the  dynamo  ii 
passed.  By  far  the  most  convenient  processes  are  those 
which  employ  an  induction  ooil  or  transformer,  because  by 
these  appliances  the  requisite  large  current  can  be  very  easily 
obtained.  In  welding  a  rod  of  steel  rather  less  than  lin.  in 
diameter,  it  is  roughly  estimated  that  a  current  of  20,000 
amperes  is  required,  and  in  making  larger  welds,  momeataxy 


Fia.  1.— ThoDMon  Welding  Dynamo, 


currents  up  to  60,000  amperes  are  required.  It  must  be  borne 
in  mind,  however,  that  the  electromotive  force  of  this  large 
current  is  very  small, — at  most,  one  or  two  volts  between  the 
clamps, — and,  accordingly,  the  power  taken  up  is  kept  within 
reasonable  limits.  In  Fig.  2  is  shown  one  of  the  earliest  forma 
of  electric  welding  transformers.  It  consists  of  an  induction 
coil,  having  a  core  of  iron  wire  about  12in.  long  and  3|ia.  io 
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diameter,  around  wbich  is  wound  a  coil  of  primary  wire 
intended  to  be  traversed  by  the  current  from  the  alternating- 
current  machine,  under  an  electromotive  force  of  200  or  300 
volts.  The  secondary  circuit  is  composed  of  64  wires,  No.  10 
gauge,  bound  together,  and  passing  only  eight  timoB  round  the 
core.  The  ends  of  this  stranded  secondary  circuit  are  bolted 
down  to  fixed  copper  plates,  upon  which  are  tlie  clamps,  fonned 
of  massive  blocks  of  copper,  intended  to  hold  the  pieces  to  be 
welded.  One  of  these  clamps  is  fixed  and  the  other  slides  upon 
guides  on  its  own  bed-plate,  being  drawn  towards  the  fixed 
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FlQ,  2. — Early  Form  of  Welding  Trftoaformer. 


clamp  by  means  of  a  screw.  A  cam  is  arranged  to  be  turned 
so  as  to  separate  the  clamping  appliance  by  forcing  back  the 
movable  block  and  holding  it  so  during  the  placing  of  the 
rods  in  the  clamps. 

It  will  thus  be  seeu  that  the  secondary  circuit  of  the  trans- 
former consists  of  a  secondary  ooil,  having  an  exceedingly  low 
rceistanoe,  probably  not  more  than  0'00015  of  an  ohm.  When 
the  alternating  current  is  passed  through  the  primary  circuit, 
it  generates  in  this  low  resistance  secondary  an  enormous 
current,  having  a  very  low  electromotive  force.    On  the  starting 
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of  this  current  the  larger  part  of  the  resistance  of  the  secondary 
cirenit  exists  just  at  the  point  of  contact  of  the  metal  rod* 
placed  in  the  clamps,  and  hence  at  this  place  nearly  the  whole 
of  the  energy  of  the  secondary  circuit  is  expended.  As  the  ends 
of  the  rods  heat  up  to  brilliant  incandescence,  they  are  pressed 
together  by  means  of  a  spring  between  the  clamps,  thus  forcing 
them  into  union  and  effecting  a  complete  junction.  The  plan 
of  the  arrangement  is  shown  in  Fig.  3,  As  it  is  impossible  to 
place  a  switch  in  the  secondary  circuit,  the  current  is  made  or 
broken  by  a  switch,  W,  placed  in  the  primary  circuit  of  the 
transformer. 

It  is  obvious  that  if  we  were  using  a  perfect  conductor 
electricity  placed  between  the  jaws  of  such  anelectrical  weh 
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transformer,  we  could  have  no  electrical  heating  whatever/ 
because  the  conductor,  having  no  resistance,  would  not  dissipate 
any  of  the  electric  energy  of  the  current  passing  through  it,  and 
therefore  no  heat  would  be  produced*  It  is  equally  obvions 
that  if  we  employed  a  substance  absolutely  non-condticting,  no 
current  would  pass  through  it,  and  we  could  not  therefore  heat 
it  Fortunately,  both  iron  and  steel  occupy  an  intermediate 
position  in  respeot  of  their  conducting  power.  At  the  ordinary 
temperature  of  60*  Fahrenheit,  a  piece  of  wrought  iron  1ft. 
lon^;  and  Isq.  in.  in  section  would  need  half  a  volt  to  drive 
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10,000  amperei  tbroogfa  h ;  ia  doing  this  3,700  foot-poondi  of 
electric  energy  would  bo  dianpfttad  i&  a  oecoad  of  tiiDe,* 

Iff  we  oaed  »  siouieir  length  Mid  area  d  Gtnnaa  eilrer  vo 
should  in  the  same  tuno  dtasipote  imtber  more  than  doaUe  Uiat 
amoont  of  eaer^,  oainel/,  7,70(Hb^  A  liiailar  length  and 
area  of  atrer  voold  therefora  dianpato  only  515IfaB»  of 
electric  energy.  It  is  extremely  likely  that  at  the  temperatine 
at  which  welding  can  be  performed,  the  electric  leBStaaoe  of 
iroa  to  the  flow  of  the  electric  corrent  is  ixxreased  to  at 
kaat  elereD-fotd  that  which  it  has  at  the  freeting  point, 
iMcanse  the  welfing  tenperatnie  is  about  3,000'  Fahraiheit. 
Assomioft  bonerer,  the  deetrie  wniitance  to  be  increased  by 
only  eleven  thnet  that  whidi  it  baa  when  the  iron  la  oold,  it 
follows  that  a  piece  of  iron  one  foot  long  aad  one  square 
inch  in  section  would  under  these  cnrnxmstanoee  dtsmpate  ia 
one  second  40,700  foot-pounda  of  electrie  enefgy.  Aoeordtnglyi 
as  the  metal  becomes  heated  in  the  process  of  welding,  even 
after  the  acto&l  joint  is  made,  the  hot  metAl  continues  to  dissi- 
pate at  A  great  rate  the  energy  which  is  spent  in  it. 

A  more  recent  welding  appliance,  derised  by  Profenor  Eliha 
Thomsoo,  is  shown  in  Fig.  4.  It  consists  of  a  transformer 
having  a  secondary  circuit  formed  of  a  single  masaiTe  loop  of 
oopper,  S,  laid  parallel  with  a  primary  coil,  P,  the  two  being 
wrapped  orer  with  iron  wire  so  aa  to  form  a  tranalormer.  The 
ends  of  the  secondary  circuit  tenninate  in  massire  clamps  in 
which  the  rods  to  be  welded  are  placed,  these  ends  of  the 
secondary  circuit  can  be  drawn  together  by  means  of  a  screw 
or  separated  by  a  spring.  In  this  transformer  the  reatstance 
of  a  aeoondary  circuit  ia  not  more  than  *00003  of  an  ohm,  and 
the  electromotive  force  set  up  in  the  secondary  circuit  is  about 
2  volts.  A  current  of  little  over  20  amperes  and  €00  volts 
applied  to  the  pnmaiy  will  produce  in  the  secondary  circuit  a 
current  of  nearly  12,000  amperea,  with  an  electromotive  force 
of  1  volt  Provision  ia  made  for  cutting  off  the  circuit  from 
the  primary  circuit  by  means  of  a  switch.  Trausfonncrs  con- 
structed on  this  principle  are  called  "welding  tranfiformers," 
and  they  have  been  developed  into  numerous  forms  applicable 

•  See  Sir  Frederick  Brmmwell  on  "  Waldlog  bjr  Electricity,"  Proceedings 
<A  tbs  BopJ  InstituUoQ  of  Oreftt  Britab,  Vol  XIII.,  p.  19a 
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Vio,  4.— WoUUiig  Traiififonner. 


Fml  fiu — ThoiEMO  Weldmg  Tnittlanasr. 


Vva.  6.—"  Hedgehog  '*  Welding  TniuCanxMr.  f  |- 
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to  the  immense  variety  of  purposes  for  wbioh  electric  welding 
has  been  fouud  useful.  Fig.  5  shows  a  similar  form  of  welding 
traDsformer,  having  two  very  low  resistance  secondary  circuits 
of  different  sizes.  Fig.  6  shows  a  sketch  of  a  "Hedgehog" 
transformer  with  very  low  resistance  secondary  circuit,  intended 
for  welding  purposes. 


§  2.  Applications  of  Electric  Welding. — It  has  been  found 
that  with  a  properly  designed  transformer  and  properly  pro- 
portioned clamps,  there  is  almost  uo  litnit  to  the  appUcatioo 
of  electric  welding  in  the  constructive  arts.  Merely  to  mention 
a  few  of  these  applications,  the  following  may  be  enumerated 
as  instances  of  what  can  be  done.  Lengthening  of  screw  taps, 
drills,  augers  and  reamera  to  any  amount  required,  by  the 
insertion  of  a  new  piece  of  steel  in  the  length,  the  new  welds 
being  in  all  respects  just  as  strong  as  the  neighbouring 
metal ;  similarly  it  has  been  applied  in  mending  chisels  and 
punches  by  giving  them  new  etlges,  welded  to  the  old  body  , 
lengthening  screw  bolts  by  welding  sections  of  new  bar  between 
the  head  of  the  bolt  and  the  screw,  or  shortening  them  by 
catting  out  sections  and  re-uniting  the  head  and  the  body ; 
welding  new  drills  and  reamers  to  the  shanks  of  old  worn-out 
tools  ;  renewing  of  worn-out  centres  of  lathes,  or  making  new 
tools  by  welding  a  piece  of  fine  steel  for  forming  the  cutting 
edge  on  to  a  piece  of  iron  or  less  valuable  steel,  forming  the 
shank  or  body  of  the  tooL  In  addition  to  these  applianoea, 
large  work,  such  aa  the  butt-welding  of  metal  taps  or  pipes  up 
to  Gin.  in  diameter,  making  continuous  piping  of  steel,  iron  or 
brass  by  welding  iuto  one  length  shorCer  pieces,  even  up  to 
Buch  leugtha  as  1,000ft.,  for  bending  iuto  coils ;  making  and 
repairing  endlet&s  bands,  as  band  saws,  wheel  tyres,  barrel  boopa, 
railway-carriage  axles,  4io,  Not  only  is  eleccrio  welding 
applicable  to  such  large  work,  but  also  to  the  very  delicate 
work  of  the  jeweller's  art,  such  as  the  welding  of  steel  wires  of 
less  than  ^^th  of  an  inch  in  diameter.  It  is  applied  also  in 
making  links  for  chains. 

It  may  seem  at  6rst  sight  difficult  to  understand  how  a  ring 
can  be  electrically  welded,  but  there  is  no  mystery  about  it.  In 
welding  a  ring  of  any  kind,  whether  a  wheel  tyre  or  the  link  of 
a  chain,  the  bar  to  be  welded  is  first  bent  rouud  approximately 
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0  the  shape  required  for  the  ring  or  link,  and  the  open  ends 

1  then  placed  In  the  clamps  of  the  welding  transformer. 
When  the  current  is  turned  on  the  greater  part  of  the  current 
passes  across  the  shorter  distance,  which  is  that  contained 
between  the  clamps,  and  the  greater  resistance  and  greater 
self-induction  of  the  longer  length  outside  the  clamps  prevent 
anything  more  than  a  small  fraction  of  the  current  passing 
through  it.  Moreover,  it  has  been  found  possible,  by  the 
ingenious  device  of  linking  an  iron  loop  or  an  iron  ring  with  a 
ring  to  bo  welded,  to  increase  the  self-induction  of  that  part  of 
the  ring  to  be  welded  which  is  outside  the  clamps,  so  that 
practically  no  current  passes  at  all  by  that  route,  but  it  all  goes 
across  the  junction  which  is  held  between  the  clamps. 

By  the  process  of  electric  welding  feats  can  bo  performed 
which  would  be  absolutely  impossible  to  achieve  by  ordinary 
hand-welding;  such,  for  instance,  aa  heating  a  rivet  in  its  place 
and  welding  it  up  in  si'eu,  also  welding  lengths  of  lead  piping 
together  so  perfectly  that  not  even  a  burr  is  loft  on  the  outside 
of  the  pipe. 

Passing  on,  then,  to  a  more  detailed  description  of  the  process 
of  welding  wo  muy  say  thut  the  welding  plant  consists  in  the 
first  place  of  a  motive  power,  generally  a  steam  engine,  driving 
a  dynamo,  which  can  furnish  an  alternating  current.  These 
dynamos,  called  "welding  dynamos"  as  made  by  the  Thomson- 
Houston  Company,  are  all  similar  in  form,  but  vary  in  size  and 
dimensions.  The  field-magnets,  projecting  inwards  from  a 
frame,  have  four  or  six  pole-pieces  mode  of  separate  plates  of 
iron  seciirely  bolted  together  and  to  the  frame,  the  coils  being 
fixed  on  in  the  ordinary  way.  The  armature  is  generally  a 
pole  armature,  that  is  to  say,  the  core  has  projections  on  which 
the  armature  coils  are  wound.  Tho  alternating  current  is 
taken  oS"  the  collector  rings  in  the  ordinary  way.  The 
dynamos  aro  mado  self-oiling,  and  either  self  or  separately 
exciting.  As  the  dynamos  arc  only  required  to  furnish  current 
for  short  periods  and  not  constantly,  their  output  is  much 
greater  than  it  would  otherwise  be  for  the  same  size  of  machine 
for  continuous  work.  These  dynamos  are  generally  wound  to 
furnish  current  at  an  electromotive  force  of  300  volts,  and  give 
a  current  making  100  complete  alternations  a  second,  or  6,000 
per  miuute.     The  alternating  current  so  provided  is  brought 
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to  the  primary  circuit  of  the  velding  transformer,  which  may 
be  placed  at  any  reasonable  distance  from  the  maohlne.  Close 
to  the  welding  transformer  ia  placed  a  switch  for  closing  the 
primary  circuit.  This  is  generally  actuated  by  means  of  a 
treadle,  bo  that  the  primary  circuit  is  only  closed  at  the 
inBtant  and  during  the  time  that  the  operator's  foot  is  phicwi 
upon  this  treadle.  In  this  way  accidents  are  prevented  which 
miglit  occur  if  the  primary  switch  was  left  permanently  closed. 
In  addition  to  this  switch  there  is  a  re-active  coil  (see  Chapter 
II.,  page  269),  the  object  of  which  ia  to  control  the  strength 
of  the  primary  current  by  the  movement  of  the  handle  of  the 
re-active  coil.  The  operator  has  thus  perfect  control  over  the 
strength  of  the  primary  current,  and  can  close  the  primarr 
circuit  by  one  movement  of  the  foot,  and  control  the  current 
strength  by  one  movement  of  the  hand. 

In  the  construction  of  the  welding  transformer  it  is  necessary 
to  so  design  that  the  total  croea  section  of  copper  in  the  primary 
and  secondary  circuits  ia  about  the  same.  The  joints  in  the 
secondary  circuit  of  the  welding  transformer  muat  be  made  as 
massive  as  possible  and  have  perfect  contact ;  or  else  with  the 
immense  current  ciroulating  in  the  secondary  circuits  there 
would  bo  great  heating  and  waste  of  energy  at  any  oontact 
which  was  not  perfect.  The  iron  core  of  the  welding  trans- 
former is  formed  of  thin  sheet-iron  plates,  bolted  together. 
The  primary  circuit  consists  of  coils  put  on  to  the  core 
through  an  opening  which  ia  afterwards  filled  with  a  lamin- 
ated block.  The  secondary  circuit  consists  of  a  single  massive 
copper  tube  or  bar  passing  through  the  centre  of  the  core  and 
connected  at  the  two  ends  with  massive  copper  castings,  support- 
ing the  welding  clamps.  This  whole  appliance  is  placed  upv:>u 
the  proper  base  with  a  sort  of  table  at  the  top,  which  supports 
the  clamps  aud  pressure  devices.  The  clamps  are  usually  made 
with  one  clamp  kept  stationary  during  welding  and  one 
movable  clauip.  The  pressure  is  obtained  by  a  screw,  worked 
by  a  worm  wheel  and  ratchet. 

One  of  the  first  questions  asked  by  a  person  who  sees  electric 
welding  for  the  first  time  is,  how  much  power  does  it  take  to 
effect  a  weld  ?  There  is  considerable  difficulty  in  measuring 
the  power  taken  up  in  such  a  low-resistance  circuit,  but  the 
result  of  tests  has  shown  that  the  average  power  consumed  m 
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welding  a  Jin.  bar  of  iron  is  about  Ci  H.P.  if  welded  in  10 
seconds;  a  lin.  round  iron  rod  requires  12  H.P.  when  welded 
in  40  seconds;  a  IJin,  round  iron  rod  requires  18  H.P.  and 
welded  in  00  Beconda.  A  rough  estimate  of  the  efficiency 
of  the  apparatus  showed  that  from  60  to  70  per  cent,  of  the 
power  supplied  hy  the  engine  was  taken  up  in  the  weld.  The 
time  taken  in  making  the  weld  is  a  very  important  factor,  as 
the  quicker  the  weld  is  made  the  greater  is  the  power  con- 
sumed. If  a  piece  of  lin.  round  iron  is  welded  in  40  seconds  it 
takes  12  H.P.,  it  would  require  about  twice  the  power  to  etiect 
a  weld  in  half  the  time  ;  but,  on  the  other  hand,  if  the  weld  is 
made  too  quickly,  the  metal  is  burned  at  the  end  in  contact, 
and  if  it  is  made  too  slowly  the  machine  and  the  clamps  arc 
over  heated,  and  much  energy  is  lost  by  radiation.  There  is, 
therefore,  for  every  particular  kind  of  weld  a  proper  speed  at 
which  it  must  be  made  to  get  the  best  results.  For  lin.  round 
iron  rod  it  is  estimated  that  about  5,000  amperes  passing  for 
20  seconds  effects  a  weld  ;  for  a  2in.  round  iron  rod  about 
20,000  amperes  passing  for  80  seconds  effects  a  weld. 

Success  in  the  application  of  this  process  of  electric  welding 
to  the  welding  of  different  metals  and  objects  is  found  to 
depend  greatly  upon  the  proper  disposition  of  the  objects  to 
be  welded  iu  the  clumps.  The  less  the  projection  of  the  piece 
beyond  the  clamps  the  less  is  the  power  used,  as  the  resistance 
through  the  bar  is  lesseued ;  but  if  the  pieces  project  too  little 
the  clamps  become  heated  to  a  high  temperature,  and  ore 
burned  or  heated  more  than  necessary.  If  a  too  great  projec- 
tion is  given  to  the  ends  of  the  bars  to  be  welded,  then  much 
power  may  be  lost  by  radiation,  and  a  longer  length  of  bar 
may  be  heated  than  is  required.  In  welding  together  different 
metals,  such  as  brass  and  iron,  or  aluminium  and  copper,  it  is 
found  necessary  to  make  the  pieces  project  from  the  clamps  to 
different  degrees,  and  a  certain  skill  and  acquaintance  with 
the  process  has  to  be  acquired  before  the  best  results  can  be 
obtained.  For  heavy  work  it  is  found  necessary  to  keep  the 
clamps  cool,  by  having  them  made  hollow  and  circulating  water 
through  them. 

In  welding  together  a  very  easily  fusible  metal  such  as 
aluminium  or  lead  to  a  more  refractory  metal,  such  as  brass  or 
copper,  the  amount  by  which  each  bar  projects  from  the  clamps 
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is  an  important  matter  in  seouriug  an  efficient  weld,  because 
the  olamps  carry  away  the  heat  by  conduotion ;  and,  therefore, 
if  the  rod  of  moHt  easily  fusible  metal  is  so  set  in  the  olamps 
that  it  only  projects  a  little  wayj  it  is  possible  to  manage 
matters  in  such  a  fashion  that  the  two  rods  come  to  just  the 
proper  temperature  to  effect  the  weld — the  temperature  of  the 
most  easily  fusible  metal  being  prevented  from  rising  to  an 
excessive  point  by  the  great  conductivity  of  the  clamp  in  which 
it  is  inserted. 

Amongst  the  metals  that  have  been  welded  by  this  prooesa 
are  gold,  platinum,  silver,  copper,  aluminium,  bismuth,  cobalt, 
autimouy,  zinc,  tin,  lead,  iron,  nickel,  mai]f3;anese  and  magnesium. 
Amongst  the  alloys  welded  are  the  diOfcrent  kinds  of  bronse — 
phosphor  bronze,  aluminium  bronze  and  solid  bronze,  malleable 
and  cost  iron,  German  silver,  leo^i  and  tin.  Amongst  the  com- 
binations welded  are : — ^Copper  to  brass,  brass  to  iron,  brass  to 
Gorman  silver,  German  silvor  to  iron,  cast  iron  to  wrought  iron, 
lead  to  tin,  tin  to  zinc,  brass  to  tin,  gold  to  silver,  silver  to 
platinum.  Prof.  Elihu  Tliomson  has  welded  a  bar  ^ths  of  on 
inch  in  diameter,  made  up  of  the  following  nine  metala  welded 
together  in  short  lengths,  in  the  following  order  : — Copper, 
briLss,  iron,  Grerman  silvei;,  brass,  tin,  zinc,  tin,  lead.  Asimilar 
bar  was  sent  to  the  Paris  Exhibition  of  1889. 

With  regard  to  the  tests  of  strength  of  the  so  welded  metals, 
the  report  of  tests  mode  with  the  Rich  testing  machine  sbowa 
that  wrought-iron  may  be  welded  so  as  to  posacsB  the  same 
tensile  strength  at  the  joint  as  the  unwelded  bar.  When  a 
perfect  weld  is  made,  the  fracture  is  usually  within  the  welded 
portion  of  the  bar  caused  by  the  stock  being  annealed  at  that 
section.  If  the  welded  bar  breaks  at  the  weld,  it  is  no  sign 
that  the  weld  was  a  poor  one,  so  long  as  the  tensile  strength  is 
equal  to  that  of  the  unwelded  bar.  If  the  weld  by  an  ordi- 
nary blacksmith's  process  stands  70  to  75  per  cent,  of  the 
original  stock  it  is  called  excellent ;  but  in  the  electric  weld  as 
much  as  65  per  ceut.  Is  reached  with  the  burr  removed. 
Hammering  the  weld  lightly  at  the  welding  heat  gives  it  more 
strength,  95  per  cent,  or  even  100  per  cent,  being  then 
reached.  Wrought-iron  bar  hss  a  tensile  strength  of  about 
50,000lb.  per  square  inch  ;  Norway  iron  bar  aboat  60,0001b. 
per  square  inch.     The  tensile  strength  of  mild  steel  is  from 
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60  to  80,000Ib.  per  square  inch.  The  tensile  strength  of  tool 
steel  may  be  120,0001b.  per  square  incli,  or  even  more.  The 
strength  of  a  toolstecl  weld  i&  greatly  improved  by  light  ham- 
mering while  at  a  welding  heat,  if  properly  done.  The  welding 
heat  of  Bteol  is  far  below  that  of  iron,  so  that  in  welding  steel 
more  pressure  is  required  to  efl'ect  the  weld  than  for  iron,  be- 
cause the  steel  is  not  so  plastic  as  the  iron.  The  temjicrature 
range  between  the  burning  point  and  the  non-welding  point  is 
rather  small,  so  that  some  skill  is  required  to  effect  a  good 
weld.  The  higher  kinds  of  cast-steel  require  considerable  care 
in  welding.  With  regard  to  the  weldiuj?  of  copper,  tensile 
tests  of  welded  copper  show  as  high  as  90  to  9fj  per  cent,  of 
the  annealed  stock.  The  tensile  strength  of  annealed  copper 
is  about  32,0001b.  per  stjuare  inch.  Wrought  brass  is  welded 
Ithout  difficulty.     The  jteroentngc  of  teusilo  strength  obtained 

very  high.  The  tensile  strength  of  antiealed  brass  is  about 
i7,0001b.  per  square  inch.  A  very  good  joint  can  be  made 
between  brass  and  iron. 

With  regard  to  the  manufacture  of  chains,  they  are  usually 
made  with  a  double  weld  in  each  link.  Chains  have  been 
eicctric^illy  welded  and  tested  in  sizes  from  one-sixteenth  of  an 
iAch  wire  to  one  inch  round  iron.  Chains  made  from  one- 
sixteenth  of  an  inch  wire  stand  a  strain  of  20Olb. ;  chains  made 
from  one-eighth  of  an  inch  bar  iron  staiul  a  strain  of  7901b. 

The  variety  of  uses  to  which  this  method  of  electrical  weld- 
ing applies  is  almost  unlimited  and  too  numerous  to  mention. 
Probably  no  invention  covers  such  a  broad  field  of  work  and 
such  possibilities.  Briefly  speaking,  they  may  be  comprised 
within  such  limits  as  welding  of  rods  and  bars  from  the  finest 
wire  up  to  6in.  in  diameter,  joining  bars  of  different  shape  and 
section,  welding  railway  rails,  welding  conductors  for  electrical 
purposes,  making  continuous  piping  for  carrying  gas,  oil  pipes, 
boiler  tubes,  &o^  making  chains  and  link  work  from  the 
smallest  jewellers'  work  to  a  heavy  ships'  cable,  all  of  which 
great  variety  of  work  is  capable  of  being  dealt  with,  with  ease 
and  celerity. 

The  result  of  some  tests  made  at  Kirkaldy's  and  recorded  by 
Sir  Frederick  Brumwoll  are  as  follows  : — 80  welds  were  mode 
in  round  iron  bars  IJin.  in  diameter,  they  took  an  average  of 
2^   minutes  each    to  make,  which    was  roughly  devoted   aa 
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foHo'wa  : — clamping  the  iron  and  heating  up  to  red  heat  each 
portion,  26  seconds;  full  heat  to  taldug  out  of  jaws,  11 
seoouds;  work  on  anvil,  15  seconds;  re-putting  in  to  full 
heat  21  secouds ;  full  heat  to  taking  out  again,  10  BeoondB : 
re-takin}]^  out  to  completion,  32  seconds ;  completion  to  putting 
in  next  piece,  20  seconds;  making  a  total  of  135  sooonda.  Aa 
a  comparison  with  this,  two  ordinary  blaoksmitlia  were  put  to 
make  welds  in  similar  bars  in  the  ordinary  manner.  They 
made  44  welda  :u  three  hours  and  little  over,  or  practically  the 
same  time  aa  was  taken  in  making  the  80  welds  electrically. 
Then  all  the  welds  were  sent  to  Kirk&ldy's  to  be  tested,  and  he 
tested  one  half  of  them  with  the  following  results : 

Average  tensile  strength  of  bnrs,  .52,G421b.  per  square  inch. 
Average  strength  of  those  which  broke  at  the  weld  wheu  welded 

electrically,  48,2 15ib. 
Average  strength  of  those  which  broke  at  the  weld  with  the 

welds  nLade  by  baud,  4  G, 8991b. 

From  these  tosts'we  have  a  right  to  say  that  these  eleo- 
tricaily-made  welda  gave  at  least  an  equal  tensile  strength  to 
scarf  welds  done  by  hand.  These  tests  indicate  also  clearly  the 
fact  that  the  strength  at  the  weld  is  about  00  per  cent,  of  the 
strength  of  the  unbroken  bar. 

One  very  practical  application  of  electric  welding  is  in  join- 
ing up  lengths  of  iron  telegraph  wire.  For  the  convenience  of 
Telegraph  Companies  these  wires  are  put  up  in  coils  measuring 
each  exactly  half  a  mile  in  length.  In  order  to  obtain  this 
length,  it  has  been  generally  the  custom  to  make  up  the  proper 
length,  wheu  necessary,  by  splicing  with  a  commou  telegraph 
joint  after  the  wire  has  been  galvanised.  This  gave  a  large 
and  cumbrous  joint;  and  the  electrical  welded  joint  is  in  every 
way  preferable,  so  much  so,  that  if  the  joint  has  the  burr 
taken  down  by  an  emery  wheel,  it  is  impossible  afterwards  to 
detect  where  the  wire  has  been  joined.  Similarly,  with  regard 
to  steel  cables  for  use  in  mines.  The  steel  cable  can  be 
eleotrically  welded  in  such  a  manner  that  the  tensile  strength 
of  the  joint  is  approximately  equal  to  that  of  the  unbroken 
cable,  and  yet  the  cable  will  be  in  no  degree  thickened  up  at 
the  joint.  The  most  varied  field  for  electric  welduig  work  has 
been  found  in  welding  together  the  different  parts  of  bicycle 
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vheels  and  frames.  The  material  in  this  case  is  soft  steel  or 
Norway  iron  ;  the  crescent  tyres  of  bicycle  wheels  can  be  easily 
electrically  welded,  and  the  different  parts  of  the  frames  put 
together  without  any  rivets.  In  the  United  States  a  large 
variety  of  manufacturing  tirms  have  adopted  electrical  welding 
for  their  special  needs,  such  as  chain  making,  and  the  making 
of  continuous  pipes.  In  addition  to  the  actual  process  of  joint- 
ing together  two  lengths  of  a  bar,  the  electrical  welding  trans- 
former can  be  muut  usefully  employed  in  "upsetting"  iron 
bars.  For  instance,  if  a  collar  is  required  upon  a  steel  shaft, 
the  shaft  is  placed  in  the  jaws  of  the  welder  and  brought  to  a 
bright  welding  heat.  The  clamps  are  then  squeezed  together, 
thus  '*  upsetting "  the  bar,  forming  a  bulge  on  it,  which  can 
afterwards  be  turned  down  into  a  collar. 

The  processes  of  electrical  welding  have  thrown  light  upon 
tlie  actual  production  and  nature  of  burnt  steel.  By  forcing 
the  heat  in  welding,  no  matter  if  rapidly,  the  effect  of  burning 
can  be  produced  as  thoroughly  as  by  means  of  a  fire.  This 
shows  that  the  burning  of  steel  is  not  a  mere  oxidation,  but  a 
molecular  re-arrangement,  and  by  oarefully  averaging  the  heat- 
ing the  metal  can  be  restored  to  its  origiual  condition. 

A  large  variety  of  tests  of  the  strength  of  electrical  welding 
joints  have  been  made  by  Prof.  E.  A.  Dolbcar,  with  a  testing 
machine,  at  the  United  States  Arsenal  at  Watertown ;  and  from 
these  tests  evidence  was  clearly  ohtatned  that  the  tensile 
strength  of  the  bars  so  electrically  welded  was  approximately 
as  great  at  the  joints  as  at  any  other  part  of  the  bar.  Prof. 
Dolbear's  opinion  is  as  follows : — 

"I  have  mads  nearly  100  tests  of  the  tensile  strength  of 
electrically  welding  bars  of  iron,  steel,  and  other  metals.  The 
results  were  of  such  a  character  that  I  can  state  positively 
that,  with  the  Thomson  welding  process,  it  is  possible  to  weld 
both  wrought  iron  and  steel  so  that  the  weld  is  as  strong  as 
the  stvme  cross  section  in  any  other  part  of  the  bar.  The 
appearance  of  the  fracture  is  fibrous  for  iron,  and  generally 
granular  for  steel,  the  strength  of  this  granular  steel  being 
in  some  samples  as  high  as  120,0001b.  per  square  inch.  I  had 
a  number  of  bars  welded  by  an  expert  blacksmith  and  a 
number  of  similar  ones  by  the  electrical  process,  with  the 
result  that  the  electrically  welded  bars  were  stronger  at  the 
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joint  than  those  by  tho  ordiuary  process.  The  bars  were  of 
T&rious  sizes  up  to  IJin.  for  iron  and  f  of  an  inch  for  octa^n 
ateel." 


§  3.  Oonclusion. — There  ore  several  other  applications  of 
induction  coils  in  telegraphy  and  telephony  which  might  be 
described,  did  space  permit.  We  may,  in  conclusion,  make 
very  brief  reforonco  to  their  employment  in  tho  phonopore  of 
Mr.  Lnngdon-Davios.  In  his  system  of  induction  telegraphy 
Mr.  Langdou-Daviea  employs  an  induction  coil  made  in  a 
peculiar  manner,  which  constitutes  it  partly  a  ooil  and  partly  a 
condcuaer.  In  constructing  this  coil,  a  single  layer  of  insulated 
copper  wire  is  first  put  upon  a  divided  iron  core,  and  ita  ends 
brought  out.  A  second  layer  is  so  laid,  and  so  on  for,  say, 
twenty  layers.  The  ends  of  these  circuits  are  then  joined  lo 
that  the  whole  forms  one  primary  circuit  composed  of  twenty 
circuits  in  parallel.  This  forms  the  primary  circuit  of  tb« 
coil.  Mr.  Luugdon-Davies  finds  that  such  a  primary  cauaea 
less  spark  at  tho  contact  breaker  than  one  which  oonsists  of  a- 
single  circuit  of  wire.  Tho  secondary  circuit  of  the  cxhI  ia 
oompcaed  of  two  insulatod  wires — one  end  of  each  wire  tb 
permanently  insulate<l,  and  the  other  ends  form  the  tanninala 
of  the  secondary  circuit.  It  will  thus  be  seen  that  tha 
secondary  circuit  is  not  a  complete  metallic  circuit.  One  end 
of  this  incomplete  secondary  circuit  is  connected  to  earth,  and 
the  other  to  the  liae.  When  a  rapid  series  of  tntermpnoos 
ar«  made  in  the  primary  current,  secondary  currents  ore  set 
up  in  this  secondary  circuit  by  reason  of  the  combiiMd 
capacity  and  mutual  induction  of  tho  two  secondary  cimiita 
with  respect  to  one  another  and  to  the  primary  ciniait^ 
These  short  secondary  currents  are  employed  to  actuate  a 
portioular  form  of  receiver.  A  secondary  oircoit  so  constructed 
of  two  aeporote  wires  Wf  however,  perfectly  Bon-cooduccpg 
towards  steady  corrents  or  ooirents  of  such  duntioo  ■■  an 
employed  in  ordinary  telegraphy.  Accordingly,  when  eueh  a 
phonoporic  induction  0(h1  is  employed  in  parallel  with  sn 
oordinaij  telegraphic  relay  having  coosidenhlB  self-indaiitlaB, 
oumnts  of  aecsiUe  doration,  such  as  telegn^ihlc  curraDta,  pai 
through  the  relay  hut  not  through  the  phooopove,  b«it  npUly 
intermittent  or  oscillatory  currents  coming  in  from  the  Una 
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pass  through  the  phonopore  seoondasy  coil  but  do  not  actuate 
the  relay.  Hence  a  system  of  induction  telegraphy  can  be 
superimposed  on  the  same  line  wire  as  that  on  which  ordinary 
telegraphic  work  is  being  carried  on.  In  telephonic  work  the 
currents  sent  into  the  line  are  secondary  currents  produced 
from  a  small  induction  coil  in  the  transmitter.  The  variation 
in  the  strength  of  the  primary  currents  in  this  induction  coil 
produced  by  the  variation  of  resistance  of  a  loose  contact  in  the 
primary  circuit  is  made  to  generate  secondary  currents,  which 
follow  in  strength  these  variations  in  the  primary  current. 

These  and  other  special  applications  of  the  induction  coil  are 
to  be  found  fully  described  in  works  specially  devoted  to  tele- 
phony and  telegraphy.  We  have  confined  ourselves  in  the 
present  treatise  more  particularly  to  the  consideration  of  those 
applications  of  the  induction  coil  in  electrical  engineering  in 
which  it  is  usually  spoken  of  as  a  transformer,  and  in  which  it 
is  employed  to  effect  the  inductive  transfonnation  of  consider- 
able amounts  of  electrical  energy. 
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Opinion!  of  Uie  Preu  on  Vol.  I. 

"  It  wonhl  h«  Tonr  rltfDratt  to  plok  oat  from  atnon^t  the  (^locirical  Utertiure  of  the  pul  I«d  nm  M| 
which  miu-ks,  as  emphAtlcally  as  dun  i)r.  FlemiiiK  »  Imok,  the  manner  in  which  the  practical  proMoniali 
have  compelled  electrical  eti^nerrs  til  mlvBiice  in  their  kn'jwlei]}f[>  of  thwtrellctU  5cleooe.  ....  llbibM 
the  electrioHl  en^neor  of  thi;  prvsf  nt  and  n(  Ilia  fulurc  alikv  will  r<!u<l— liu  uf  the  prvMDt,  U  h<  cao ;  hi 
latnre,  became  he  TniuL"—Pnif.  SUoanuM  P.  Thowpton  in  "  Tht:  Kleeirieian." 

"  Dr  Kleining's  book  contains  an  etiurmoni  arnuunt  of  rnliiuble  mutter  ....  which  cannot  be  got  u 
elie  In  thu  plain  and  ci>ncUe  way  it  U  gircn  by  I>r.  Fleming.  It  U  one  tif  thote  books  erary  electrtdfls 
have."— /fbofrtooZ  Heviete. 

"A  mut  Important,  timely,  and  valuable  book The  snthor  has  earnt-d  the  tbanka  ale- 
Interested  In  this  great  branch  of  electrical  Investigation  aod  practloe."— feclnnti  Warid  (Hem  Vork>. 

"  The  practical  imi>ortuic«  and  interest  of  the  Btiblect  treated  li  lo  great  that  there  ibonld  be  Udle 
nrge  itudeotB  and  electrical  englaeen  to  make  themselves  aequ&Int«d  with  this  book,  but  I  do  luce  tbmi 
tbeless  :  and  they  mny  think  It  furlunate  that  Dr.  FluuiUig  hui  managed  lo  find  tline  to  Isne  ao 
readable  luid  well-tluied  a  volanie."— i>r.  Oliver  J.  Ltniyf  in  "  A*a(iir«." 


VOL.  n.— THE  UTILIZATION  OF  INDUCED  CURRENTS. 
More  than  600  i^i^j  and  over  300  iUustraticng,     Price  12b.  6d.,  poft  frm  (VX», 

ahroitU  13fl.  poit/ree.  ^J 

STXTOI'SXS     OB'     COITTEJSTTSs  ^| 

CHAPTER  I. — The   Historical   Development   of  the  Induction   Colt   and 

f,         II. Ol&trlbutlon   of   Eleotrioal   Energy   by   Transformera. 

ft        III. Alternate-Current    Electric   Stations. 

tr        IV. The   Construction   and   Action   of   Transformsrs. 

M         V. — Furthar  Praotloal  Applloallon  of  Transformers* 
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370  pa^fMt  159  UfufrtrationB,    Price  10$.  Cd,,  po»i  frre, 

MAGNETIC   IHDUCTIOK    IN    IRON   AND   OTHER    MET 

BY  J.  A.  EWING,  M.A.,  B.  Sc.,  Ac. 

After  mi  luLr>ductory  chapUr,  which  attempts  to  exphUn  the  fnndamental  Ideu  and  the  tarmtiu 
account  1j  gircn  nt  the  methods  which  art*  usually  eniplnyirU  Uj  measure  tlie  mafnellc  <iaaliKr  ol 
Eiamples  are  then  quoted,  showing  the  reiiiilts  uf  such  uicosurementa  for  voriuus  ipvclmeiu  ol  Ixt 
atckel.  and  cobalt.  A  chapter  on  Mntnietic  UyslercaU  follows,  and  thrn  the  distinctive  fraturea  uf  ladv 
very  weak  bhiI  by  vtry  stninB  mngnetit:  forces  are  separntely  de«crthed,  with  further  description  nt  ewpw 
meUlods  and  wltli  uitilltioiml  numerical  re»ults.  The  Inlluuiiee  of  Teuiperatare  and  the  Influence-  uf^ 
next  dlscuBsed.  The  concentlun  of  thu  Moinictic  rjmiit  is  Uwn  explained,  nod  some  acoooui  i*  itlven  o 
mcntfl  which  are  best  Rlucldated  by  maklnji  use  of  this  tsscntlally  modern  method  of  truatmcot.  ] 
concludes  with  a  chapter  on  the  Molecular  Theory  of  .Uaunctlc  Indiiotioti ;  and  the  opportunity  la  takas 
to  a  number  of  mlacellaneimB  experimental  facta,  on  whicli  the  molecular  theory  has  au  et'ldeut  boattBA 

/,  2,  and  3,  Salisbury  GovirX,  V\^«i\  ^\tt^t^  Loadon^  E.C» 
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320  ^^'.'7(-^,  155  illuMratinn.H.       Prirr  63.  6d., /"TJi'/rM. 

ICTICAL  NOTES  for  ELECTRICAL  STUDENTS. 

LAWS,    UNITS,    AKD    SIMPLE    MEASURING    INSTRUMENTS. 
By  a.  E.  KENNELLY  and  H.  D.  WILKINSON,  M.I.E.E. 


Ill  book  ta  ile&fffiied  chiefly  for  tbo«o  who  arc  bat  illfihUy  ffrooiided  Id  electrical  matt«n,  and  with  this 
I  aiithon  have  ondeavoured  to  render  their  Unffuure  as  sioiple  m  (kimIiiIc,  ami  t<>  exclude  all  mathe- 
eEpr«aalon».    Id  thii  attempt  they  have  «uocc«d^d  very  well,  and  the  (iructical  nattirt!  ot  the  matter 

ler  It  of  tervice  to  many  mndera  hnUe«  thoie  for  whom  the  book  la  jirofeuedly  written The 

IhrouKbout  very  tully  lUn&tratt.'tl  by  oxiellent  oDgraviugi,  and  the  auttton  ntay  Iw  heartily  conumtulat«d 
'  luvL'eu  Id  deAcnbiDff  Id  a  Mniple.  thorough,  aod  practical  way  the  matter  they  have  dealt  with."— 
Ji.  3»mpfier  in  "Tht  Electrician." 

da  bock  thoroughly  well  fulQli  Ita  title,  and  there  U  rery  mnch  Diatter  thai  !■  extremely  OBefuL"— 
tlBetitte. ^ ^^— 

i  Volume*— Price :  ttotU  paper,  3s. ,  post  frft  £$.  £d.  each  ;  Btrowf  clUh  covers,  t*.  Sd,^  post/^ 
S».  9d,  fjaeh.     St^ujU  Primers^  3d.,  poat/rec  3^d. 

HE     ELECTUICIAN"     PKIMEKS. 

ifUiif  iLLUSTRATeo  ) 
•rieaof^  Helpful  Primorson  Electrical  Subjects  for  the  use  of  Celloeros.  Schools* 
thsr  Educational  and  Trainine  institutions,  and  for  Youn^  Men  desirous  of 
nu  th«  Electrical  profosstons. 

T*A.^£^E:     of     CO^fTEN'S'Sz 
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me  I.-THEORY.  \ 


lln:  i.tiJL-ot  i>(  "Tliu  Kleiari.iftu  ■' 
I'rltnn  Hi  U  tu  hriclly  dcscritHj  lu  aiiu- 
}ik-  aii-l  C'irrect  Uduiuiuu  lIk^  pru^eTit 
«tutL^  nS  rlecLrlcal  kuowU'dsf.     Kui'h 


Effect!  of  an  Electric 
irrent 

laoton  and  Inanlaton.  _     

!'•  Law,  of  •oni'tf  ipecial  application.    I'heo-  2S.  Tliti  Laying  and  Repair  of  Sub- 

sary  Batterlea.  ruUcal  .lb<;us8JuD  h.  a*  faraa  poMlble               niarlDe  Cables. 

uigementolBatterie..  .'J.'S'^d'LM.^' by^ieSSiS  «•  T«tiDK  Submarine  Cabl«. 

ttzolyala.  to  the  lues  to  which  they  have  been  it.  The  Telephoae. 

odary  Batterlee.  P™^     ***'*''  *oIunies  are  itifted  to  26.  Dynainoa. 

.  -__  readert    havlue    little   pr«»Tif»u   ac-  j_    .,   ^ 

■  of  Faroe.  .iauinlBDce  with  Uw  aubJocU     The  ^'-  "««•"■ 

seta.  I  inrat4.«r  Is  brought  ap  to  date,  and  SS.  Tnuiafonosra. 

iCrtcal  Dnita.  f  the  iliustratloiurefertolDitniraeiiU  jq.  xho  Arc  Lamp. 

„  ,         _  -  _  ani  rnachiDery  Id  actual  rue  at  the  -„_«.»          t          .  t   _ 

Oalvanomcter.  „t  time.    It  lii  hopwl  that  the  30.  The  Incandescent  Ump. 

trlcal  Meuurlng  Instru-         Primers  will   he   found    of   tue  In    SI.  Cnderfrrouud  Malna. 

ents.  SuhooU,  Collenea,  and  other  Kduca-    32.  Electric  Meleia. 

•vw     m-m,        o_j  1  ttoDftl  and  Tmiiilng  R«tabllihmeiit«,    _.    _,     ..    ,<  l.,  u  .  ^  ■*     . 

WbutMoDe  Brid«B.  ^hrre   th^^    waot   of    a    aomewh.t    ^-  Electric  Ll«ht  Safety  Oevlcofc 

XtoolTometer.  popularly  written  work  on  electricity    3t.  Syitemi  of  Electric  DtfUfbv*' 

lodnctloD  ColL  *"''  'l-*  indujitrlal  appllcotii-ins,  jmb-  (j„,j 

-,        -, .  llihed  nt  n  popuUr  pricr,   bus  uuik     „    _,         ' _,„,  - 

natizic  CorrenU  been  lelt ;  whil?artl7iii«wUl  find  U..    ^5.  Electric  TranamlMlon  of 

Leyden  Jar.  Frimers  of  great  aenrlce  lu  enabting  Energy. 

isDoe  Machinea.  them  to  obtain  clear  noUons  of  the    jo   Eleccrlc  TraoUon. 

_.   ,       ___,     .  eMeolial  prlaclplet  underlying  the    ,.,    _,     .      -         .^. 

itDtngProtoctorL  apnttwtiia  of    w1il«h    they    id^  Iw    •^'-  Electro- Deport tlon. 

IBOpOM.  f  called  apon  to  take  charge.  \a8.  Electito  Welding. 

OPINIONS    OF    nCHE     PREBB.    &o» 
Im  arUeles  are  oenerally  lu  well  written,  and  the  fubject  nintter  so  Judlcluuily  uondenaed,  that  there  b 
r  UtUe  to  criticUe  though  much  t<>  pr%\h9,"  —XUctrieni  Kevirw. 

tie  hooka  are  well  printed,  and  we  can  heartily  commend  them  as  itepping  stones  to  more  advaooed 
— J^lMtrieoi  Plant, 

ym  las  leeteors  qui  n'ont  (jrue  peu  de  notions  en  dleotrloitd,  ces  deux  volumes  sorunt  partionUfrement 
I  ogrteblea  k  iilm\icT."—L'KUclricien. 

tiey  are  neat,  han<1y,  tniall  octavo  volumes;  their  conTeDletice  and  cheapness  will  surely  make  them 
!uJ  and  popnlar."— ii^«rc(rTc  poiecr  (New  York). 

hese  exoetlvnt  little  books  are  carefully  and  accurately  written."— /m/««fn». 
*9  can  recnmmend  tliese  excellent  elementary  books."— /r^)n. 
hese  are  useful  works,  and  will  )>e  generally  esteemed."— Cof/i>ry  Guardian. 

base  Primers  are  admirably  ailapU-'d  frir  teaching  piinMinfs  ;  th«?y  ctr«  ridi  ulated  to  Ite  exceedingly  osefol 
•cCtoD  with  the  preparation  of  ol)jec:t  Iobsods  ;  they  are  very  miitable  for  preseute  to  boys  of  a  mecfaanlual 
id  Ibey  might  well  Dod  a  place  In  school  llbmit^"— Sett ixil  UmirJ  Vhronietf. 

have  read  your  Primers  upon  the  ''Iheory  and  'Practice'  of  Electricity  « 1th  much  sutlkfsctlon,  and 
ulute  you  upon  the  clear  and  eminently  succestiful  mauner  In  which  yi^a  have  Iteateil  ttie  subjects  under 
fatlDQ."— K.  31.  UIBUOP.KB,  Oenerai  SuperinUmdent  r«nadl«n  GovemuMil  Telegraph  Scrvlfu*. 

;,  2,  and  3,  Salisbury  Court,  F\ee\  S\r^e\.^  Vow^qtv. 't,^. 
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•21.  The  Electric  Telegraph. 

22.  Autoniallo    and    Ouplox  TeU- 

graphy. 
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Now  ready,  fulUj  iUvstrakd.     lYirc  lOs.  Sd^  p'.ift/ru. 
THE 

ART  of  ELECTROLYTIC  SEPARATION  of  METALS 

(THEORETICAL  AND  PBACTIOAL.) 

By  Dr.  GEOUGE   GOUE,   LL.D.,   F.H.S. 

No  uUier  ImkiIc  otitlrely  (levntuil  lu  tfa«  GlectrolrUc  Kttpxriilltni  Mid  R«flniii|(  of   M«t«l* 
tutffiuge ;    those  on    Blcctro-MetoUurgy    litthcrto   piibUftb«4   bvlnjf  mr>re  or  leu  »iile1^  deTnted 
pUttng.    Tlie  prcKDt  book  contaiiK  both  the  •clenoo  aiul  tho  art  of  the  suti}«i-'t.  V.**.,  hoih  ttw 
prinalplu  upon  which  the  art  In  buwd,  u)<l  the  practical  rulei  and  dataila  uf  tecUulcal  appUckUuu 
merdal  ioole,  IwtnK  thug  suitable  for  both  ituilent  aod  auintifaotiirer. 

Second  Edition,  price  Sa.  post/ret. 

By  Db.  GEORGE   GORE,  LL.D.,  F.R.S 

Price  .Ts.  €ti.  post  fret. 

THE  STEAM-ENGINE  INDICATOR  AND  INDICATOR  DIAGRAMS 

Edited  by  W.  W.  BEAUMONT,  MJ.C.E.,  M.I.M.E.,  ^c.  I 

A  Pracllcnl  Troatlfe  on  tho  8t«ani  Bugine  Indicator  aod  ludlcalor  Dtaffranu,  with  XoCei  on  Sl«am  IntfMll 
(ormauccs.  ExponiloD  of  St«ain,  Ikhariour  of  Bt«am  lo  Hteam  Kngine  Cyllndera,  and  on  Gaa  Bngbie  IMtnnn  ' 

Nearly  Heady. 

ELECTRO-MAGNETIC    THEORV 

By  OLIVER  HEAVISIDE. 


ELECTRICAL   ENGInIerBg    FORMULAE, 

Bv  W.  UEIPEL  AM>   U.  KIU50UH. 

ThU  Pocket- Book  ia  a  departure  fnini  ])reviou«  fttt«iuptd  to  jimvide  fnr  Glectrieftl 
Uirl  EleclrioiaUB  varied   infnrniation  for  every  dny  u»e.     In   a<M!tiiiu    t^»  n  ' 
(many  <»f  wliich,  ollbou^Ii  Ijuaed  up^ni  thase  long  in  ubc,  have  l)W-n  rmii(»(i' 

work  will  cuutoiu  a  wiica  uf  cumpreheuaive  Papers  ou  laiuougat  otlioTA;   u.^  .  

subjects : — 

—  ■  ~    -  .    .     »-      .  Bulldliigi     and    Kounda- 

tlonH. 
Water  Pt»wer. 
Fuel  and  Oninbnttioa. 
Chimiii-yi  and  KIum. 
BolIriB. 
FeedWutttr   [fraten   and 

EcouunilH<rK. 
Boiler     and     St6am>Ptp« 

Covering. 
ftlCBtii  EuRtnef. 

Other  lleat  Karinea. 
OoDdeiuwn  and  Puinpa. 


1 


Unit*  —  Electrical.  Me- 
chanical, Thermal,  Ac. 
Strlcal,  .Mechiinicnl 
■od  llicmial  I'ri'pvttirfi 
of  Mst4'.rialii. 
;XJgbt,  Colonr  and  Aoood. 
Tomcnta  of  iDertiie. 
Orarlty. 

Appniilnmte  FnrmnlR:. 
The  RItde  Ktlli:. 
lalhematical  Tables. 
illan«ou»  Tables. 
Fentliation     aii>l     Ileat- 
i&fr 


Injector). 

Steam  Pipmi  and  VaIvm. 
Mevbaiilcal  TrMiamttten. 
Dynamos  and  Uotun. 
Bt'ipilnt'in. 
Trausl'iniit-rs. 
Iinp'^tlai)c«  Colla. 
Te«ilti([  and  Uearariog  In- 
st rum  en  i«. 
Bynicmii  ol  Ul^tribntion. 
cottduitft. 
InKnUttira. 
Coiiduviora. 
Orarlwad  Unoi. 


Mghtnlnv 

Arc  r 


Mlhlntf. 


Pitlhf  lUyutrtiUd,      Prioe  1/6,  Jioat  free. 
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THE  MANUFACTURE  or  ELECTRIC  LIGHT  CARBON 


A  Practical  Quide  to  the  Establishment  of  a  Carbon  Mantifact-or^. 
CoataitiH  ttie  rcHuItu  of  several  yeurs'  exfierimeuU  auii  exiKrieuoe  in  orboo  oaiiiUe-uaking| 
ITM  full  particulars,  with  many  illuatratiuna,  of  the  wliule  prooe.*H. 

I,  2,  and  3,  Salisbury  Goun^  T\^^\  ^Vc^^"^  Vax^d^^^  E.C^ 

m 


Electrician"  Printing  and  PuhliMng  Compan 


"THE   ELECTRICIAN"  BERlEB~{Vontinuff(), 


fit  prtf>anttiou,fu^if  yUuMruhd.  ^^^k 

NG 


UBMARINE  CABLE-LAYING  &  REPAIRI 

An  Orlgiaat  Work  on  this  Important  ftubiaol.  which  has  not  provloutly  been 
treated  In  a  thoroughly  praotlcal  manner. 

By   H.    D.   WlLKlNiSUN',   M.LE.E.,   &c..   d:c. 


In    Prrfin  rrtfion. 

DRUM  ARMATURE  WINDING  Sl  COMMUTATO 

IN    THEORY     AND    PRACTICE. 

By  F.  M.  WEYMOUTH. 

A  poinp1«t«  trcUlM  or  the  thf'ory.  and  tb«  ditrervi:!  nietlKMla  of  comtrnclloD  ol  Dram  Minding,  and  al 
or  <*''■—      '<:  }  ^■•utlnaQiiixnmnt  Commiitatun,  bugether  with  a  (oU  nteomd  uf  some  of  th«  principal  points 

•*'"  l'«l  aro  luTolvi-d  In  Ibeir  deilgit. 
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Frice  =*«.  Gd  ,  post  fres  {U.K,) 

DIGEST  OF  THE  LAW  OF  ELECTRIC  LIGHTING 

Bv  A.  C.  CUKTIS   HAYWAKD,   RA.,  A.LE.E. 

An  Ji)»trart  of  the  Electric  Liiihtlug  Acts.  18^2  snd  18HS,  aod  of  the  miliiiin  dor.umeuta  enianallnjr  tn 
the  Board  (.f  Tr«de  iU-rtlliiK  with  oleciriu  Ituhtinii.  Ihe  dUc<rit  trent*  flrst  vt  tlic  nmiincr  iii  wliHli  pprao 
dalr<>ii«  «t  ^tiitplyiiit;  ckciricity  iimii  avC  Ut  wurit,  and  tbeo  of  thuir  rlgbu  and  olillHatloim  atter  obtntiil 
^arllan)«ntar>  powen ;  and  gtvoa  in  a  inoctnci  fi«rai  infonnation  of  great  valn«  lo  Local  Authurltlek,  Bloubi 
UcM  Cunlrni:lun,  ic 


.  Post  ^''•fl 


NEW    AND    GREATLY    ENLARGED    EDITION. 

560  Pages,  and  nearly  600  /l/ustrations.    Prico  TWENTY-ONE  $HtLUN08,  Post  Fn 

ELECTRICAL  WORDS,  TERMS,  AND  PHRASES 

Br  PROF.    EDWIN   J.    HOUSTON,   A.M. 


Fulh/  Wnstratcd.     Pria-  lis.,  post  fnr. 

THE  ELECTRIC  RAILWAY  IN  THEORY  k  PRACTI 

By  OSCAR  T.  CROSBY  and  LOUIS  BELT^  Ph.D. 


CTI| 

bait  Jl^l 
DDpOTt^^l 
ieo«asai9mi 


rrcKt  till   )>oth  tile  elemPDtary  tbory  of  tlte  iiihjt^ct  aud  thu  Kt-'tiuml  fouturi:ii  iif  the 
I>t-4<ri)t<  ^.   ill  detail,  paitlouUr  uitrtb^il*  and  fiinni  uf  cjtr  uaeblnpry.  so  f«r  ui  they  arc  of  imi 
Ulu^Lmtiri::  i!io  brond  principles  un  which  tlicy  depend  :  and  ^iVl■a  ipot^'tte  inatntctliKit.  trbeu  iii 
full  r  •  <iir,  T'  h'UtliiD  of  thti  Kubjeut,  aud  a  more  tli<ir<>utth  icr^«p  .'f  modem  nivtbodti.    Mr.  Croitiy  li  head  of  t 
Stri-cl    iCiii^^ny  Ikepartin«lkt  of   Ibu    I'buutiun-tlou-it'jii  C'lUipttny  lu    Atoerfra,  aad  will  tirubably  Iw  tctootedjl 

till'    '      '  (n  the  anialganiatloD  of  Llio  i:di»<in  an<l  Thiiiiirioiiltoniiton  Interest!,     ft  will,  tberofoTO.  b« 

4-i:  cliAt  th«co<>  plliitioii  of  a  wurk  on  Struct  Railways  coald  be  placed  lit  no  more  oooipeunt  han( 

A  '  I  way  irat^rns  are  fally  illutCrated,  aod  tail  Indices  aouumpany  the  lolt«rpre«a.    The  bouk  Ii  qui 

ny  t ,...,  ,.u>l  U  uDly  Jait  pablUbfL 

-  —  .  a-'  -        -  -  ■  -      -  ■   ■—  I 
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THE     ^WIRING     SLIDE     RULI 

(TROTTERS    PATENT), 
By  which  con  Iw  funnd  at  once :— 1.  BUe  uf  Cable  ;  2.  Length  of  OuIiIp  ;  a.  Onrrent  Pablo  will  earn ;  4.  Onrre 
D«uiity  ;  5.  Maxioinm  Cnrrent ;  0.  Ilcaistanco  hi  Ohms  ;  7.  Hertlonal  Area  tn  Square  luchu. 

PULL      PRINTED      INSTRUCTIONS      ARE      SUPPLIED      WITH      EACH      RULE. 
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Prici— Paper,  I/-*  p<>at  fr^-c ;  lllounted  and  ^liuci)  1  iH,  |K4t  free  ;  in  neat  cinih  caac  for  [>uukct,  '.l/tt.  p«>et  tre 

mounted  and  gUied  aud  bound  tn  cloth  fur  p^tcket.  'Jjtf ,  p<>it  free.  ^^ 

Printed  Directiou  how  to  use  the  Tables  are  Issued  with  each  Copy.  ^^M 

I  h  2,  and  3,  Salisbury  Court,  FVfte\  S\v^^\,  V,^x\^w.^^-^^^B 
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6        "7^  EUctriciafi"  Printing  and  Publishing  C<mpany'$  Litt  of  Book*. 


WORKS    BY    JOHN    W.    URQUHART. 

ELECTRIC  LIGHT;  ITS  PRODUCTION  AND  USE. -Fourth  Edition, 

rcviiMHi,  witli  large  iwidiuona.     380  i>age«,  1^5   IIlunlraliouM.      Trice,  cloth  gilt,  78.  6d.,  p«^. 

free  (IT.  K.) 

ELECTRIC    LIGHT    FITTING.— A    handbook   for  Electrical   Engineers. 

IlliisLrated.      i'rice  fia.,  poflt  fi-eo  (U.K,) 

DYNAMO    CONSTRUCTION.— A  practical  handbook   for  the   use  of    Enj^ 

Cunstruct<)ra  &nd  KlectriciAnA  in  Chorgo.     With  numcroua  Dtftgranu  and  Woodeuti.     Plfo' 
7s.  ed-.pust  free  (U.K.) 


careml9> 
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MAY'S   POPULAR   INSTRUCTOR 

FOR    THE    MANAGEMENT    OF    ELECTRIC    LIGHTING     PLANT. 

An  iudispeniukble  lukiidbook  /or  persona  in  cluirge  of  Klectriu  Lighting  pUnu,  more  partioulirif 
•"hiMW  who  luive  had  little  or  ou  techixicai  ti-UDing, 


rB! 


For  Q^u  UM,  prittttd  <m  cardboard^  vnih  meUil  edges  and  ntipcJtder,  prict  t$,  each,  poiifrM 
For  Oie  pocket,  mounUd  on  lin^t  in  utrong  ea»e,  Ss,  6<i.  taeh^  poM/ree  Ss.  Sd, 

MAY'S     TABLE     OF     ELECTRIC     CONDUCTO 

Showing  tin.'  rulfctl-'iiB  between— <1)  The  lectioiifll  iin^A,  .liiinieter  of  eoiiilaetora,  lom  o(  potential,  stmirtll 
ot  carreut,  au<l  lougth  ut  cunduoton  ;  (2>  Thi]  iM:onomlcs  ot  iDcondMCcnt  Utnps,  Uiuir  ctuidlcpower,  potenUtl, 
%aA  slr«Dgtli  ot  curreot ;  (3)  The  lectlutul  orca,  dlameitir  oC  cottUooton,  and  itrengUi  ot  current  por  «iaare  Ucb. 

MAYS    BELTING    TABLE. 

Showing  the  rvlatlons  Uetwetiu  -<l)  The  namber  of  revoluilona  and  dUmetor  of  pulleyi  and  nlocftTjof 
twlla  ;  (8)  The  hor«»-|Hjwer,  vuhicity,  aiid  o'^uiirv  i«ctlon  ol  t>elU  ;  (3)  The  thickoeM  and  width  u(  b«lta  ;  {«}  Tbt 
Wjuare  seciiou  uf  Iwlta  at  dilf«r«iit  slraliui  i>er  miuarc  inch. 


TKird  BdUion.    SIO  Pages,  74  lUnsf.ratious,     Prux  4s.,  posi/ree.  ^H 

SHORT    LECTURES    TO    ELECTRICAL     ARTIZANS. 

BEING  A  COURSE  OF  EXPEUIMEXTAL  LECTURES    DELIVERED  TO  A 
PRACTICAL  AUDIENCE. 

By  J.  A.  FLEMING,  M.A.,  D.Sc.(Lond.) 


Jiiat  PaUUktd.    £00  Pages,  /uHy  lUuttratfd,  /i,.  poH  /rc<. 

A     GUIDE      TO      ELECTRIC      LIGHT  I 

FOR    THE    USE    OF    HOUSEHOLDERS    AND    AMATEURS. 

Br  S.  BUTTONE. 

Fi/tk  Hdition,  ean^uU]/  rtdseil.     Price  One  Sfiillinff,  pottjVm, 

THE    ELECTRIC    LIGHT   POPULARLY  EXPLAIN! 

By  A.  HROULKY  HOL.\IES,  M.Iiisl.C'.K. 

ThU  hook  ha«  hl^cn  written  to  fHre  thu  geuaral  ruuder  with  no  prcTlous  knowledge  of  electrical  idanM 
an  nphuiatlon  in  plain  Uin^aiie  of  the  meoni  aifrd  for  producing  the  Klectrtc  LigbV  and  to  aflord  UuMAwte 
tlUnk  of  adopting  thlfl  mode  ot  illumination  uaeful  Information  on  practical  polnti. 

--■  ,--,-■■-  ,  —    "  ^ 

640  Pages,  507  PlusfnUions,    Price,  cJoth,  giU,  20a.  6d.,  postfrse, 

ELECTmC.AJLi     EIVCHTVEEPIXIVO 

FOR    ELECTRIC    LIGHT    ARTIZANS    AND    STUDENTS.  ^H 

By  W,  SLINGO  and  A.  BKOOKER.  ■ 

Thiii  book  is  dcaigurd  to  embrace  the  rcqturcments  not  only  of  those  Mtoally  employed  is 
thi^  electric  liKlttitiK  iri'lustrv,  but  ikUn  of  thotte  who.  while  having  little  or  uo  electric*! 
Ictdge,  hare  onder  their  «npcrvision  variona  kiuds  of  electrical  tnuhmery. 


;,  2,  and  3,  Salisbuiv  CourX,  F\e^V  ^Iveetv  London,  E.C 


"  The  Eltctrman "  PrintiTig  and  PMidiing  Company's  List  of  Books. 


Second  Edition.     S5S  Pa^jes,  126  Plustrathn^.     Price,  doth  gilt,  7s.  Gd,,  post  fret. 

LECTRIC    TRANSMISSION     OF    ENE 

AKD  ITS  TRAKSFORUATION.   SUBDIVISION.  AND  DIBTRIBUTIOV. 
By   GISBERT   KAPP,   C.E. 


Sixth  Edition.    SS4  Pag<s,  100  JltustrtUions.     Price,  doth,  Os.,  posifru, 

i:lectric   light   installation; 

^ud  th£  paitadtmnit  of  ^rntmutatoriS. 

A    PRACTICAL    HANDBOOK. 

By     sir     DAVID     SALOMONS,     Bart. 


lUiM. 


Jutt  Puhlishcti.    $7  niit8tration».     Price  Gs.,  postfrtt. 


Bt  H.  S.  CARHART,  A.M. 

Givujg  dwcriptioas  of  the  Construction,  Working,  and  TestluK  of  a  large  number  of  Pi 
I!att«rieS(  with  Itittoductory  Chapters  oq  Theory. 


SI 
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Price   6u   9d.,   Pott  Free. 

COMPREHENSIVE  INTERNATIONAL  WIRE  TAB 

By  W.   S.   BOULT. 

Giving  foil  particulars  of  469  Conductors  (4  gaageti),  SiugU  Wires  and  Cablea,  in  Englii 
Amariean,  and  Continental  Unita. 

ELECTRICAL  EHGIHEER'S  PRICE  BOOK,  1895 

Edited     by    H.    J.    DOWSING.    M.LE.E.  ^ 

(1)  Buildings,  (2)  Generating  Plant,  (3)  Storage,  (4)  Moasorlng,  Begulating  an 
Oontrolling  Apparatus,  (5)  Distributing  Plant  .public  and  private)  and  Meters,  C 
Electromotive  Power,  7;  Blectro  Deposition  i8j  Eiectrlc  Smelting  and  Weldin 
(9)  Primary  Batteries,  (10)  Telephones,  (U)  Telegraphy,  (12)  Blectric  Bells,  a 
Appendix. 

iVev  and  gretUly  enlarged  Sdition*    Quarto,  300  ff^t't  276  iUuMiraiUmt.  12a.  ScL* 

Poit  free  13s.  6d. 

THE  ELECTRIC  MOTOR  AND  ITS  APPLICATIONS 

By  T.  C,  martin  and  J.  WETZLER. 

Thli  vork  ti  the  flnt  Amerlcaa  Book  on  Eleotrlc  Bf  otora,  and  the  only  book  Ln  aiiy  languase  dealing  <MBOl| 
lively  uid  fnUy  wllh  the  tnixleni  Electric  Motor  In  aU  Iti  Tariou  and  pnctloal  ^pUc*tlooi. 


Price  One  Sh<Uii\fj,  PoMt  Frfe. 

POCKET    PRICE    LIST    AND    USEFUL    FORMULA 

FOR     ELECTRICAL    ENQINBERS. 
A  handy  book  for  tho  pocket,  and  niro  to  be  In  cotutant  ow. 


I 


I,  2,  and  3,  Salisbury  Court,  f\eeX  §\v«i«5\,  \jEix\<i<=kw,^5::.* 


'8  "The  EUcPrician"  Printing  and  Pyblithing  Company* t 

Jwft   PublUhtd.     FourUi  Edition^  rcvziffi  and  enlartffd. 
Cloth,  864  P<igei,  SO  folding  Plata,  40S  HluttrntimM  in  texU     54*-  pottfrvL 

DYNAMO-ELECTRIC    MACHINERYl 

A    TEXT  BOOK    FOR    STUDENTS    OF    ELECTRO-TEOHNOIiOOY 

By  SILVANUS  P.  THOMPSON,  B.A,  D.Sc.,  M.LE.E.,  F.K.S. 




^^V^redroesaon.  Detailed  dckciiptioni  arc  ;^Teii  o{  tbo  \ut^  dytuktnot  u*e<l  In  ceairol  ftatloDa,  wad  c 
^^^ftrftddod  on  nltemntc-t-Lirreiit  nii>tarii,  'in  the  tYtmtTf  of  nrmatore  winding,  on  th«  cnnatructUm  of 
^^poommaUton,  Ac,  and  uo  electrical  traniiulufoa  o(  power. 

With  23^  Wtiftrniiont,  3b.  6d.,  pofifrrf. 

THE  PRACTICAL  TELEPHONE   HANDBOOK  AND   GOIDE  1 
TELEPHONIC  EXCHANGE. 

By   JOSEPH    POOLE, 

Chief  Electrician  tt>  the  Ute  lAncubire  and  Cheshire  Telephonic  Exchange  Company, 
SSO  Pages,  numtrous  Tll-uMraUoM,    Price  Sa.,  post  frte, 

THE  ELECTRICAL  ENGINEER'S  POCKET-BOO 

OF  MODERN  RULES,  FORMXTLS.  TABLES,  AND  DATA. 

By  H.  R.  KEMPE,  M.I.E.E.  i 


Fourth  Editioju    550  Pages,  159  IHustrationa,     Price  I6»,,  pod /rt€,     liepriniitf. 

A  HANDBOOK  OF  ELECTRICAL  TESTINi 

Bt  H.  R.  KEMPE,  M.LE.E. 

CotiUiuH  full  defM^ipiiuns  and  iUustratioQA  of  the  iiutxumenU  employed  in  Electricmt  T«rtl 
with  many  valuable  Tables.  i 


Prtrt:  fa.   Od,,  post  frtf. 

ELECTRICITY  UP  TO  DATE,  FOR  LIGHT,  POWER,  &  TRACTK 

By  J.  B,  VERITY. 


FULLY     ILLUSTRATED. 


USEFUL    HANDBOOKS     BY    R    B.    BA 


4 

3ATP 


PRICE  (POST  FREE)  4s,  6d.  BACH. 


\,  2,  and  3,  SaWsbury  CourV,  ^\ee\.  ^^'c«^^^^V^'^^^x^,^g! 
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^Ue&ieian  "  Printing  and  Publishinff  Company^  Liti  of  Books. 


ELECTHICITY  AND  MAGNETISM 

{ELEMENTARY    AND    ADVANCED). 


4 
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ODEkK  VIEWS  OF  ELECTRICITY.    By  Oliver  J.  Lodg6.  F.R.S..  Profoei^ 

i'hyiici  In  Unlvcrnlty  Colleii«,  Liverpool.     Illuatnted.    Crowu  8ro,  Oa.  M. 

E  ELECTRO  MAGNET  AND  ELECTROMAGNETIC  MECHANISM. 

Stlrurtua  P.  ThonipMn,  D.Hc,  r.R.S.    4&0  p«gei.  £13  tlliutratloiu.     15«.  ^ 

-•SLEMENTAKY  LESSONS  IN  ELECTRICITY  AND  &L1GNETISM.    By  SI 

Taiiiu  P  TliompHon,  mncfnal  ud  Profeaftor  ol  Phvilci  In  the  Technical  OoUege,  Flnibory.  WlUi  llll 
UaUOM.    >flw  Etlltldii,  revUea.     Eighth  SiUUod.     Kcap.  hvo,  4i.  Ud. 

ECTRKTTY    AND    MAGNETISM       By    A.    Guillemin.      Translated    an 

EcUltxl  by  Prof.  SlWontu  P.  llmmison.    \Vlth  numeroui  tlltutratloai.    31f.  Od. 

PRACTICAL  ELECTRICITY.   For  First  Year  Studouts  of  Electrical  Engineeriu 

Hy  W.  K  Ayrtflti.  K.R..S.,  Profenor  ol  Elerlrical  Entrinw-rinu  in  the  City  and  Oullila  of  London  Cent] 
iDstllutlou.     Kuunh  Edition.    Illuitrated  Cbrou|{hout,7i.  «<l. 

POCKET-BOOK    OF    ELECTRICAL    RULES    AND    TABLES,    for    tl 

use  fit  Electrtc<ai>ft  and  Enelneera.  Dy  John  Uunro,  C.E..  and  Andrew  JaoitflRon.  C.K..  F.&.S. 
Pockil  liu,  leath«r.    Sevrnth  Edition,  reviaed  and  onlati^dt  with  noiuerooB  diasrama,  K«.  0d. 

ECTKICITY  IN  THEORY  AND  PRACTICE;   or,  THE   ELEMENTS  0 

ELECTItlCAL  EN01NEERI5G.    By  Ueut.  Bnull^-y  A.  Fluke,  U.a.N.    PUt«.    Koyal  Bvo.  cloth,  10a.  < 

THE  STUDENT'S  TEXT-BOOK   OF   ELECTRICITY.     By  Henry  M.  Noa^ 

rh.n.,  KR.!t.,  F.C.b.  Nflw  EdIUon.  carefully  revUod.  With  an  IntroducUon  and  Additional  Chaptan 
W.  H.  PrctM.  U.I.C.E.    Witli  470  niiutratlona,  orown  avo,  cloth,  13a.  ed. 

ELECTRICITY  IN  THE  SERVICE  OF  MAN.     A  Popular  and  Practical  Treati 

uct  the  Applicatlonc  uf  Electricity  In  Modern  Life.  Tranalateti  and  Edltad.  with  Copiotu  Addlttoiu.  tn 
the  Oennan  of  Dr.  Alfred  Rlttor  vun  Urbanitiky.  Uy  a.  WormoU,  D.Sc,  M.A.  With  an  IntroductJ 
br  Prof.  John  Perry.  ¥.&,».    SlcdJiun  avo.,  with  nearly  itM  UlaaCratlou,  prlM  M. 

ELECTRICITY  IN  MINING.  By  SilvanuB  P.  Thompson,  D.Sc,  F.R.8.  ^jM 
ARITILMETIC  OF  ELECTRICITY.  By  Dr.  T.  O'Conor  Sloane.  48.  6d.  ^ 
THE  ARITHMETIC  OF  ELECTRIC.VL  MEASUREMENTS.      By  \V.  B.  j 

Hubba,  n«ail  Master  of  the  Torpedo  School.  B.M.3.  Veniun.     New  Edltluu.     Price  la. 

A  COURSE  OF  LECTURES  ON  ELECTRICITY,  DELIYT.RED  BEFORE  TH 

SOCIETY  OF  AKT8.     By  iic^T^t-  Forbca,  M.A.,  KILS.  tL.  4  B.)    With  17  UlnftrtttloiiB,  cwwn  Stu,  fit. 

ELECTRICITY  IN  MODERN  UFE.     By  G.  W.  de  Tunzeimann.   Wi 

tratioui,  cloth,  Sa.  (hi. 

DECORATIVE  ELECTRICITY.    By  Mr«.  J.  E.  H.  Gordon.     ISa. 
DOMESTIC  ELECTiaCITY  FOR  AMATEURS.    Translated  from  the  French  i 

B.  Huapltalier.  editor  of  "  L'EIectrlden,'  with  addlUona.  fiy  C.  J.  tVhartoD,  Aiaoo.  Soc.  TeL  Euglneoi 
Xnmcrooa  llluatratlonk,  demy  Hvo,  cloth,  tla. 

EXERCISES  IN  ELECTRICAL  A^D  MAGNETIC  MEASUREMENT,  WIT] 

ANHWERS.     By  R.  B.  Iiay,  il.A.    IJmo,  8a.  6d. 

ELECTRICITY  AND  MAGNETISM.     By  Fleeming  Jenkin,  F.R.S.S.  (L. 

With  an  Aitpvudli  on  the  Telephuno  and  the  Ulc^^pbone,  aud  177  woodcat*.    Koap.  8vo,  3a.  Ad. 

ELECTRICITY:    ITS    THEORY,    SOURCES    AND    APPLICAlTONa 

Jdhn  T.  .^pngue.    Third  Edition.    Revlaed  and  enlarKud.     Ifia. 

A  TREATISE  ON   ELECTRICITY  AND  MAGNETISM.    By  J.  Clerk 

WflU.  M.A.,  F.a.S.    Thlni  Edition.     S  vuU.,  demy  itvo,  cloth,  ill.  ISa. 

AN  ELEMENTARY  TREATISE  ON  ELECTRICITY.     By  J.  Clerk  Maxwel 

M.A.,  F.R.S.     Edited  by  WUliam  Oamett,  M.A.     Demy  8to.  cloth.  7a.  6(1. 

ALTERNATING    CURRENTS    OF    ELECTRICITY.      By    T.   H.   Blakeslej 

Third  Edition.    Ca. 

ELECTRICAL   INFLUENCE   MACHINES:    conUining  a  full  account  of  thei 

Ulatorlcnl  l>cTelopinont.  their  Modern  Korma.  oud  their  PnuOlcal  ConairuotJou.  fiy  Joba  Oray,&q 
t»0  illuatratlona.    4a.  Qd. 
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1,  2,  and  3,  Salisbury  Court,  f\ee\  S\Tee\»  V.okv^qtv.,'^,^ 


fertrtcian"  Printing  and  Publishing  Companf^x  LUt  of 
HANDBOOK   OF   ELECTRICITY.   MAGNETISM.  AND   ACOUSTK 

Dr.  Unlnor.    Muth  Thouund.    Edited  by  Ocorge  Caroy  FotUr,  B.A.,  F.C.S.     Wttli  MO  I 
•mall  8va,  clotb,  5a. 

ELECTRICAL  MEASUREMENT  AND  THE  GALVANO^IEl'ER,  ITS 

8TRI  CmON  AND  UHBS.     By  T.  D.  Lockwood,    Crowo  8to,  cloth,  Ci. 

EJ^ECTRICITY  AND  MAGNETISM.     By  Prof.  Balfour  Stewart,  F.R.S. 

W.  W.  Bildaoe  Oee,  DemonBtrator  And  Aulitant  Lecturer  tn  Owens  CoDago,  MftOobwtOT.    C^ivil 
7«.  6d. ;  School  Courae,  2a.  Od. 

THEORY   AND   PRACTICE  OF  ABSOLUTE  MEASLTIEMENTS  IN 


TKICITV  AND  MAGNETIBM.    Ur  Andrew  Ony.  &f.A..  F.U.8.B.,Frorenor  of  FhydestnOt 

~ -        -  VoLL.iai.6d.    voL  n       ' 
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Collese  of  Nurth  WuXcm.    Id  ^  vols.,  cruwu  Svo.    VoL  L,  LOi.  Od.     Vol  If.  in  ikt  prtm. 

AN  INTRODUCTION  TO  THE  THEORY  OF  ELECTRICITY.    By 

Cumniing,  M.A.     Nuw  Edition,  with  lUtutratluni,  crown  8vo,  8*.  Od. 

MAGNETISM   AND    ELECTRICITY,    AN   ELEMENTARY    MANUAL  Ol 

With  Exftnitnatlon  Qucattoni  tDd24&UliutrjiUonB.  Uy  Trof.  Jomlekun.  Sooood  Edition    <>owti«i«kk.| 

KIRCHOFF'S   LAWS  AND   THEIR  APPLICATION.     By  E.  C.  Rimiagta 

Cloth.  Is.  Od.  ' 

MAGNETISM  AND  ELECTRICITY.    By  A.  W.  Poyser,  M. A.     Cloth,  2*.  6j 
ELECTRICITY  IN  OUR  HOMES  AND  WORKSHOPS.    By  a  F. 

SocoDd  Edllioo.    Cloth,  &s. 

PRACTICAL  ELFX^TRICS :   A  Universal  Handy  Book  on  Every-Day 

Miitun.    Third  Edition     Ss.  Od. 

A  PRACTICAL  TREATISE  ON  THE  MEDICAL  AND  SURGICAL  US 

or  ELECTRICITY.     By  Dn.  Beard  ukI  Bookwell.    aOfl  UlnstratioDi      Hoyal  Svo.  SSl  I 

PRACTICAL    APPLICATION    OF    ELECTRICITY    IN    MEDICINE  M 

SURGERY,    by  Dn.  Ueblg  and  Rohi^.    K^yol  8vo.  iOO  pages,  protnsely  lUnsmted,  U.  Od. 

ELECTRICITY  IN  THE  DISEASES  OF  WOMEN.    By  G.  Betton  Masiey,  VL 

Second  EdiUoo.     ISmo,  (]•.  Od. 

A  TEXTBOOK  OF  ELECTRICITY  IN  MEDICINE  AND  SURGERY 

Oeorge  Vivian  Pooro,  M.J>.    Crown  8vo,  8a.  Od. 

A  MANUAL    OF   PRACTICAL    ELECTRO  THERAPEUTICS.       By   Ait| 

HanieA,  M.I>.,  snd  H.  Nowniau  LKwronce,  M  I.EE.     Wtth  lUnatrsUons,  It.  ed.  I 

A   HANDBOOK    FOR    OPER.ATORS   IN    MEDICAL   ELECTRICITY  A] 

MassAgo.    By  U.  Newman  Lawrence.  M.LE.R     Is. 

A  MANUAL  OF  ELECTRO-THERAPEUTICS.    By  W.  Erb,  M.D.,  timnill 

by  A  dc  Wnttcvfllo.  M.D.,  &c.     Deray  8vo   ISa. 

ELECTRICITY  AND  ITS  MANNER  OF  WORKING  IN  THE  TREATME 

OF  DISEABE.  A  Thesis  for  the  M.D.  CHnUh  DeRnw,  I8M.  By  the  lat«  WUtUm  K.  Stttwisa,  1 
M.R.C.P.  Casually  I'hysiclau  jtiut  Electrician  to  St.  Barth<>|<>m«w'«  UotpitaL  To  which  Is  tmmk 
Inaofural  Medical  IHnacrintion  on  Elcctririty  for  the  M.I).  EiUn.  Degrw.  wrilt«a  la  Latteagr  Bj 
Steavenson.  M.  U. ,  In  1778,  with  &  ITansUtlon  bv  the  Rev.  F.  &.  SUmtsiuoq  M.A.    Std.  4a.  Sd.  i 

THE  A  B  C  OF  ELECTRICITY.     By  W.  A.  Moadowcroft  Illuatratod.  aoth| 
PRACTICAL     ELECTRICAL     MEASUREMENT.       By    Jamee    Swinbu 

Cloth,  is.  Od.  i| 

EXERCISF^S  IN   ELECTRICAL  AND  MAGNETIC   MEASUREMEN^ 

Aoawem     By  JL  E.  Day.    Ss.  Od.  ^H 

FIRST  BOOK  OF  ELECTRICITY  AND  MAGNETISM.     By  W.  Perrral 

coclc.    30  llliatratluus.    3s.  6^1. 

ELECTRICITY  FOR  PUBLIC  SCHOOLS  AND  COLLEGES.  By  W.  Larden. 
MAGNETISM  AND  ELECTRICITY.     For  the  use  of  studenta  in  schooU 

science  olauet.    By  Q.  C.  Tarn.  l^.a.Sc.    With  numerous  dUgnnu.    Cloth,  as. 
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